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ABSTRACT 
 
 
 New classes of multi-component alloys, able to retain the amorphous structure 
upon cooling from the melt, were discovered in the last 15 years. Such amorphous alloys 
can be prepared in various shapes, with a thickness in the mm or even cm range. Upon 
heating at a constant rate, the amorphous alloys show an endothermic heat flow associated 
with the glass transition, followed by a distinct supercooled liquid region and at least one 
exothermic reaction due to crystallization. The amorphous alloys, which show a glass 
transition and have large geometrical dimensions, are named bulk metallic glasses 
(BMGs). The ferromagnetic BMGs started to be investigated only in the last 10 years. 
They are relatively difficult to cast, because the critical cooling rate of 102…103 K/s limit 
the maximum achievable diameter to a few millimeters. The other hindrance that can 
influence bulk glass formation is the presence of impurities in the melt, or of crystalline 
inclusions that can form upon solidification of the melt. On the other hand, bulk 
amorphous samples with various sizes and shapes can be prepared by mechanical alloying 
or ball milling combined with a subsequent consolidation of the resulting powders in the 
viscous state at temperatures in the supercooled liquid region. 
• Amorphous multi-component Fe77.5-x-y-zCrxMoyGazP12C5B5.5 alloys were obtained 
in bulk form either directly by using copper mold casting or by hot pressing of ball-milled 
amorphous powder. Their thermal stability is very good, with a supercooled liquid region 
of around 55-60 K and a reduced glass transition temperature Trg = Tg/Tliq of around 0.6. 
Among the studied compositions, Ga seems to have an important role in the glass-forming 
ability. The composition without Ga did not allow a casting of bulk samples, but its 
presence up to 4 at % (5.56 wt %) made it possible to cast amorphous rods with up to 3 
mm in diameter. 
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• The devitrification behavior and the structural evolution during heating of as-cast 
rods were investigated by time-resolved in-situ XRD using the synchrotron beam. 
Additional studies of the microstructure (for as-cast and annealed samples), using electron 
microscopy, were performed. 
• The mechanical properties of the Fe65.5Cr4Mo4Ga4P12C5B5.5 and 
Fe67.5Cr4Mo4Ga2P12C5B5.5 BMGs were studied. The samples remain macroscopically intact 
up to a high level of applied stress (around 2.8 – 3 GPa). Before fracture, the as-cast fully 
amorphous samples exhibit a small plastic deformation (0.2 %). The values of the fracture 
stress are much higher than the known values for non-ferrous glassy alloys. The fracture 
surface consists of a high number of small fracture zones, which leads to breaking of the 
samples into many small parts. The fracture surface is without shear plane and vein pattern 
because such a cleavage-like fracture usually does not go along a shear plane but 
frequently forms a rugged fracture surface or breaks into pieces. The fracture stress of 
around 3 GPa is very high, indicating that the critical shear fracture stress must be high 
enough in comparison with the bonding force among the constituent elements in the 
present glass. 
• The Fe77.5-x-y-zCrxMoyGazP12C5B5.5 BMGs exhibit good soft magnetic properties 
because of the absence of crystalline anisotropy. Nevertheless, residual anisotropies may 
be present, such as shape anisotropy or stress-induced anisotropy, caused by internal 
mechanical stress induced during the preparation procedure. The unwanted anisotropies 
can be reduced by annealing. The coercivity of annealed Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy 
samples decreases below 1 A/m and it is comparable to that of annealed zero-
magnetostriction Co-base glassy ribbons. This is in spite of the fact that the studied glassy 
alloy has a much larger saturation magnetostriction of approximately 10 ppm. The initial 
permeability μi = 8100. The saturation polarization is around 0.8 T, which increases up to 1 
T when the temperature decreases below 100 K. The experimental behavior of saturation 
magnetization at low temperature indicates that the exchange interactions take place at a 
large distance, i.e. the Fe-Fe interactions take place at a larger distance than in the 
crystalline ferromagnetic materials. It explains also the rather low values of the Curie 
temperature (around 450 K, in comparison to 1044 K for bcc α-Fe) and the rather low 
average magnetic moment per Fe atom (calculated with the fitting at 0 K) of 0.73μB, in 
comparison to 2.2μB for bulk crystalline Fe. 
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 According to “Webster’s New Word College Dictionary on PowerCD“, the term 
“amorphous” defines a non-crystalline body. Meanwhile, a “glass” is a “hard, brittle 
substance made by fusing silicates with soda or potash, lime and, sometimes, various 
metallic oxides into a molten mass that is cooled rapidly to prevent crystallization”. By 
analogy, the term “metallic glass” usually refers to a metallic alloy rapidly quenched in 
order to “freeze” its structure from the liquid state. A metallic glass is a metastable alloy, 
which lacks the symmetry typical for crystalline materials and at room temperature it 
shows an amorphous liquid-like structure. 
In order to retain the amorphous state some condition must be fulfilled. These 
requirements will be in detail discussed in the first chapter of the present work. However, 
as is seen from the definition of a glass, the cooling rate plays an important role in order to 
“freeze” the liquid state. To achieve the maximum cooling rates the liquid should be spread 
as thinly as possible over the surface of a highly conductive substrate, e. g. metals or 
sapphire. The liquid-substrate heat transfer and the thickness and thermal conductivity of 
the liquid layer determine the rate of quenching. The thickness of quenched metallic 
glasses is thuV OLPLWHG WR a  P $OWHUQDWLYHO\ DPRUSKRXV VROLGV FDQ EH IRUPHG E\
atomic/molecular deposition, a method that involves growth from the vapour phase by 
thermal evaporation, sputtering, decomposition of gaseous compounds by radio 
frequencies discharges, or from a salt solution by electrodeposition. These techniques 
provide a very high effective quenching rate and yield amorphous solids, which cannot be 
obtained as a glass by liquid quenching. H. Jones [Jon73] and S. Kavesh [Kav78] 
published comprehensive reviews on liquid quenching techniques, and K. L. Chopra 
[Cho69] and A. K. Sinha HWDO [Sin76] on atomic condensation methods. 
 Klement, Willens and Duwez reported the first preparation of metallic glasses from 
the liquid state in 1960 [Kle60]. They used an alloy from the system AuSi and the so-
called VSODWTXHQFKLQJ or JXQ technique. In this process, a small liquid globule was 
propelled into small droplets by means of a shock wave and the droplets were sprayed on a 
cold copper substrate to form thin foils. These samples were irregular in shape with 
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vDU\LQJWKLFNQHVVIURPDERXW PWR P7KHHGJHVRIVRPHLQGLYLGXDOGURSOHWVZHUH
very thin (~ 100 nm) and were directly used for transmission electron microscopy. The 
quenching rate attained was estimated experimentally and analytically to be 106 K/s and 
higher. 
 Pietrokowski [Pie63] designed a piston and anvil technique in which the liquid 
globule is squeezed between a fast moving piston and a fixed anvil. Ohring and Haldipur 
[Ohr71] modified the piston and anvil technique by arc-melting a droplet on a water-
cooled substrate and quenching to a foil between a hammer and the supporting substrate, 
thus avoiding crucible problems encountered in handling the alloys with high melting 
point. The foils produced in this way were about 15 – 25 mm in diameter and relatively 
XQLIRUPLQWKLFNQHVVa PWKXVPDNLQJWKHPPRUHVXLWDEOHIRUVWUXFWXUDOHOHFWULFDO
and magnetic property measurements than the foils prepared by the gun technique. 
 For technical applications, techniques which allow the fabrication of metallic 
glasses in the shape of wires or tapes are of great interest. The earliest potentially 
continuous process applied to metallic glasses was reported by Chen and Miller in 1970 
[Che70]. In this two-roller or roll quenching process a molten metal is put into the gap 
between a pair of rapidly rotating rollers. A commonly used process is the well known melt 
spinning technique patented by Strange and Pim in 1908 [Str08], in which the molten 
stream is cast on the outside of a rotating wheel. The process was developed for fabricating 
crystalline filaments and later adopted for continuous production of metallic glass ribbons. 
Pond and Maddin [Pon69] cast the alloy onto the inner side of the rotating drum, instead of 
using the outer surface of the wheel. This yields a higher quenching rate because the 
centrifugal force allows better thermal contact between melt and drum surface, but the 
quenched ribbons or filaments cannot readily be pulled out from the drum. The quenching 
rates achieved by these techniques are of the order of 106 K/s. The melt spinning method is 
widely used as industrial manufacturing process and allows to continuously produce glassy 
ribbons of 20- PWKLFNQHVVDQGZLWKDZLGWKLQWKHFHQWLPHWHU-range. 
 As a result of the requirement for rapid cooling, amorphous alloys have usually 
been prepared in form of thin sheets with a thickness below 0.1 mm. In the last 10-15 years 
it was found that a number of transition metal base alloy systems may form bulk metallic 
glasses (BMGs) [Ino00a]. These alloys require much lower cooling rates for amorphisation 
or bypassing crystallization upon cooling. This fact makes other preparation routes 
possible. Usually, two kinds of production techniques are used for that: solidification in a 
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cold mold and consolidation of amorphous powders at or above the glass transition 
temperature, with the mention that the latter one is not typical only for BMGs but can – in 
principle – be done for all glassy powders. Amorphous powders for consolidation can be 
obtained in different ways: by ball-milling amorphous ribbons or flakes obtained by melt 
spinning, by mechanical alloying, by ball-milling a crystalline master alloy or by gas 
atomisation [Lie93, Ana87]. The apparatus used for copper mold casting, as well as for the 
powder metallurgy route, methods used in this work for obtaining the bulk glassy alloys, 
will be in detail discussed in the second chapter, together with other experimental methods 
employed for the investigation of the amorphous structure. 
 In the IFW Dresden, the BMGs started to be investigated since they were 
discovered. As a result of the research activity, a large number of scientific papers were 
published in international peer-reviewed journals [IFW]. Also, new amorphous and 
nanocomposite non-ferrous alloys with excellent mechanical properties were produced, 
subjects of several new patents issued in the last decade [IFW]. In the field of Fe-based 
BMG, N. Schlorke studied the thermal and magnetic properties of bulk glass forming Fe–
Al–P–C–B–(Ga) alloys obtained by mechanical alloying [Sch97b] or by ball-milling of 
melt-spun ribbons or pre-alloyed ingots, respectively [Sch99]. After the subsequent hot 
pressing in the viscous state of the obtained powders, glassy pellets with 10 mm diameter 
and 2-6 mm thickness were obtained [Sch02]. Using the copper mold casting technique, H. 
Grahl prepared bulk amorphous Fe77Al2.14Ga0.86P8.4C5B4Si2.6 rods with a diameter up to 2 
mm and a length of 70 mm [Gra03]. For casting, a commercial centrifugal casting device 
VACUTHERM 3.3 TITAN provided by Linn High Therm GmbH Germany was used. The 
magnetic behavior of the same Fe77Al2.14Ga0.86P8.4C5B4Si2.6 BMG was investigated also by 
J. Degmova [Deg02, Deg04a, Deg04b]. The bulk samples were produced by ball milling of 
the melt-spun ribbons and subsequent hot pressing. In this way pellets with 10 mm 
diameter and 3 mm thickness were consolidated. 
 The “ birth year”  of the Fe-(Cr,Mo,Ga)-(P,C,B) alloys used for investigations in this 
work can be considered 1999, when T.D. Shen and R.B. Schwarz from Los Alamos 
National Laboratory USA (LANL) published the paper entitled “ Bulk ferromagnetic 
glasses prepared by flux melting and water quenching”  in $SSOLHG 3K\VLFV /HWWHUV 
[She99a]. They cast such alloys in rod shape with a maximum diameter of 4 mm. Using 
similar compositions, in our lab cylindrical rods up to 3 mm diameter and 70 mm length, 
rectangular bars 2 × 2 mm and 30 mm length and discs with 10 mm diameter and 1 mm 
,QWURGXFWLRQ
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thickness were produced using the copper mold casting technique. By powder 
metallurgical methods, pellets with even larger dimensions (10 mm in diameter and 3-5 
mm in thickness) were prepared. 
 The aim of this work was to study the properties of the Fe-(Cr,Mo,Ga)-(P,C,B) 
bulk amorphous samples obtained by different preparation routes. These alloys have a high 
application potential because of their unique mechanical and soft magnetic properties. 
Also, they can be obtained directly in the final shape suitable for use as magnetic sensors, 
magnetic valves, transformers, magnetic clutches etc., in different devices. The 
experimental results of this work will be discussed in Chapter 3 (structure of the bulk 
samples), Chapter 4 (mechanical behavior) and Chapter 5 (magnetic properties). It is also 
necessary to mention that parallel to this work some studies were done in order to 
investigate the electro-chemical behavior of these bulk amorphous alloys. It was found that 
they show a much higher corrosion resistance in comparison to the regular steel used for 
magnetic applications [Cha04, Gai04]. 
&KDSWHU7KHRUHWLFDOEDFNJURXQG 
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This chapter will explain the amorphous state and how this state is achieved in 
some metallic alloys. Also, it will present the principal conditions that must be fulfilled in 
order to retain the amorphous structure. Further, the compositions that can easily form an 
amorphous alloy will be described, the main routes used for that and the hindrance that can 
influence the glass-forming ability. Metallic amorphous alloys exhibit new properties, 
totally different in comparison to those achieved in the crystalline state. In this sense the 
mechanical behavior will be presented, in correlation to the structure. The last part of this 
chapter will be dedicated to magnetism, because amorphous Fe-(Cr, Mo, Ga)-(P,C,B) is an 
excellent class of soft magnetic alloys, with a wide range of possible applications. 
 
0HWDOOLFJODVVHV
 
1DWXUHRIWKHJODVV\VWDWH 
The expression “glass” in its original sense refers to an amorphous or non-
crystalline solid formed by continuous cooling of a liquid, while a solid is defined 
somewhat arbitrary as any body having a viscosity greater than 1014 Pa·s [Tur69]. A glass 
lacks three-dimensional atomic periodicity beyond a few atomic distances. It is 
characterised by a limited number of diffuse halos in X-ray, electron and neutron 
diffraction and no sharp diffraction contrast in high-resolution electron microscopy. 
Glasses have been found in every category of materials and of various bond type: covalent, 
ionic, van der Waals, hydrogen and metallic [Tur69]. The glass-forming tendency varies 
widely. Some oxide mixtures form a glass at normal slow cooling rates of ~1K/min, while 
monoatomic metals with possible incorporation of impurities require rates as high as ~1010 
K/s [Dav73]. 
&KDSWHU7KHRUHWLFDOEDFNJURXQG 
 6
During the solidification no essential change in spatial atomic configuration occurs. 
A glass may be considered as a solid with frozen-in liquid structure. It is in general not in 
an internal equilibrium state and thus relaxes structurally to a more stable equilibrium state 
whenever atoms attain an appreciable mobility. Furthermore, a glass is metastable with 
respect to crystalline phase(s) and transform to the latter through nucleation and growth. 
On heating, a glass would transform to the liquid phase provided that the rates of 
crystallization are sluggish enough. 
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Fig. 1.1   Free energy diagram as a function of temperature – schematic representation 
as an example for a thermodynamic system at constant external pressure.
/ and 6 refer to liquidus and solidus curves. 
 
Glasses are generally formed if upon cooling of a melt crystal nucleation and/or 
growth are avoided. At a temperature called glass transition temperature 7   the liquid 
freezes to a rigid solid, however without crystalline order. Thus, glasses – and amorphous 
solids in general – are structurally characterized by the absence of long-range translational 
order. But a short-range order is still present and may be similar to that found in the 
crystalline counterpart. Fig. 1.1 shows a schematic free energy diagram for a system as a 
function of temperature. When the liquid alloy is cooled, at a certain temperature 7   
(melting temperature) it will become a crystalline solid and with further decrease of 
temperature the Gibbs free energy will follow the solidus curve. For some conditions, i.e. 
when the liquid is rapidly cooled, the solidification can be avoided down to the glass 
transition temperature 7   and the free energy follows the liquidus curve. At 7   the molten 
alloy “freezes” and the Gibbs energy takes a value lower than that corresponding to the 
&KDSWHU7KHRUHWLFDOEDFNJURXQG 
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liquid state, but higher than that corresponding to the crystalline state. Between 7   and 7   
the liquid behaves as an undercooled liquid and is thermodynamically and kinetically 
metastable. 
A glass exhibits a glass transition manifested by a change in the thermodynamic 
properties, such as specific heat and thermal expansion coefficient during heating or 
cooling. Whether the glass transition is a real phase transition or just kinetic freezing is still 
a matter of controversy [And79, Eli90]. From a theoretical point of view and analysing 
selected experimental data obtained from different materials, the glass transition is 
considered to be either a first order [Coh79], second order [Ada65] or third order phase 
transition [Woo76]. Apparently, the relaxation and transport processes depend on the 
cohesive energy and the type of chemical bond. Just considering the dynamical aspects the 
glass transition has been described as a localization phenomenon with power law 
singularities of relevant relaxation times and viscosity based on mode-coupling theories 
[Leu84, Göt87]. Further experimental results point to the kinetic nature [Bir85]. Therefore, 
no theory proposed as yet can account for all experimental observations, which are mostly 
obtained for non-metallic systems. The next paragraphs will discuss in more detail the 
kinetic and thermodynamic aspects of glass formation. 
 
.LQHWLFDQGWKHUPRG\QDPLFFRQVLGHUDWLRQV
 The viscosities of most common liquids above their melting point are of the order 
of 10-3 Pa·s [Tur69]. It is evident that, to change from this value to 1014 Pa·s, the viscosity 
must increase very rapidly over some part of the temperature range in the transition from 
liquid to glass. In fact, the viscosities of glass-forming liquids are fairly well described, at 
least between 10-3 and 106 Pa·s, by the Fulcher [Ful25] equation: 
 




−
=
0
exp 77
D$η ,     (1.1) 
 
where $, D and 7   are constants depending on the material and 7 is the absolute 
temperature. When 7  = 0, the equation changes to the Arrhenius form.  will increase very 
rapidly with falling temperature either when D is very large relative to 7 or, if D is small, 
when 7 has fallen nearly to 7  . The viscosities of pure silica (SiO2) or of germania (GeO2) 
are quite well described [Coh59] by an Arrhenius equation (7   ~ 0). In contrast, the 
&KDSWHU7KHRUHWLFDOEDFNJURXQG 
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viscosities of such glass formers as toluene or isobutyl chloride are described by rather 
small values of D but with 7   being a substantial fraction (1/2 to 2/3) of the melting 
temperature 7  . This means that upon cooling the viscosity increases slowly with falling 
temperature close to 7  , but it increases extremely rapidly when the temperature 
approaches 7  . The change from the liquid with low viscosity to a rigid glass with very 
high viscosity takes place within a quite narrow temperature interval above 7  . 
 Turnbull [Tur69] explained that the crystallization of a fluid occurs by the 
formation, called “nucleation”, of crystallization centres (nuclei) and the growth of these 
centres at the expense of the adjacent fluid. In contrast, a glass forms homogeneously by 
kinetic freezing of atoms throughout the entire liquid. However, the extraction of heat, 
which usually drives glass formation, is normally through the external surface of the liquid. 
The crystallization rate of an undercooled liquid is then specified by the rate of crystal 
nucleation and by the speed X with which the crystal-liquid interface advances. Both of 
these rates strongly depend on the reduced temperature 7   and the undercooling ∆7  , which 
are defined as [Tur69]: 
 

 7
77 = , 


 7
777 −=∆ .    (1.2) 
 
 The velocity of the crystallization front is inversely proportional to an average jump 
time   of the atoms in the interfacial region and directly proportional to some function 
I 7   of the undercooling, which drives crystallization. This function must increase with 
7   from 0 at 7   = 0 in the following way: at small 7  it is linear in the limit that all 
crystal surface sites are suitable for the reception of atoms and it rises as a higher power of 
7   in the other cases. 
 Nucleation in an undercooled liquid is almost always heterogeneous on seeds 
which are either present accidentally or deliberately injected into the system [Tur69]. 
These seeds may be crystals of the material itself or other solid materials, such as the 
container walls or particles suspended in the liquid. At a given cooling rate the 
undercooling required for heterogeneous nucleation varies widely with composition and 
structure of the seed material [Tur69]. 
 Nucleation within the liquid and without the help of seeds is called homogeneous. 
Experimentally it is difficult to circumvent the effects of seeds and thereby realize 
&KDSWHU7KHRUHWLFDOEDFNJURXQG 
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homogeneous nucleation behavior. Liquids commonly contain 105 to 106 suspended 
particles per cm3 [Tur69]. When the liquid is undercooled, nucleation will occur first on 
the most effective seed and then, unless the crystal growth rate is very small, recalescence 
will cut off the possibility of any further independent nucleation either on other seeds or 
homogeneously [Tur69], because during the recalescence the temperature may increases as 
an effect of latent heat release. The heterogeneous nucleation cannot be controlled, but it 
can be avoided during preparation of amorphous samples. 
 Upon phase transitions, such as solidification, the transformation process cannot 
occur at any arbitrarily small undercooling. The reason arises from the small curvature of 
the interface associated with a crystal of atomic dimension. This curvature lowers the 
equilibrium temperature so that, the smaller the crystal, the lower is its melting point. The 
critical size, U  , of a crystal can be easily calculated [Tur69].  
The first attempts to describe nucleation processes were done by Volmer and Weber 
[Vol26] who treated the condensation of a supersaturated vapour. This model has been 
later extended by Becker and Döring [Bec35]. Fisher and Turnbull applied the basic 
concepts of this theory to the liquid-solid phase transition [Tur49, Tur61]. 
In liquid metals, random fluctuations may create minute crystalline regions (clusters, 
embryos) even at temperatures above the melting point, but these will not be stable. They 
continue to be metastable also below the melting point because of the relatively large 
excess energy required for surface formation, which tends to weight the energy balance 
against their survival when they are small. The interface term, *  , and the volume term, *ν, 
of the Gibbs free energy at a temperature below the melting point 7  , are shown in 
Fig.1.2. The critical condition for the nucleation of 1 mole is derived summing the 
interface *   and the volume * 	  terms of the Gibbs free energy [Kur89]: 
 
YJ$*** 
 ⋅∆+⋅=∆+∆=∆ σ ,    (1.3) 
 
where σ is the solid/liquid interfacial energy, $ is the area of the solid/liquid interface, ∆J 
is the Gibbs free energy difference between the liquid and the solid per unit volume and Y 
is the volume of the formed solid nucleus. For a nucleus with a spherical shape of radius U, 
∆* becomes: 
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3
44
3
2 UJU* ⋅⋅⋅∆+⋅⋅⋅=∆ pipiσ .    (1.4) 
 
The Gibbs free energy per unit volume ∆J can be considered to be proportional to ∆7 
[Kur89]: 
 
7VJ  ∆⋅∆−=∆ ,     (1.5) 
 
where ∆V  is the difference in the slopes of the *7 functions of the liquid and the solid 
phase at the melting point of the system. 
 
77P
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U

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Fig. 1.2   Free energy of a crystal cluster as a function of its radius. 
 
The value of σ is always positive whereas ∆J depends on ∆7 and is negative if ∆7 is 
positive (Fig. 1.2). This behavior leads to the occurrence of a maximum for ∆*U when 
the melt is undercooled. This maximum value, which occurs at the critical radius U  , can be 
regarded as the activation energy, which has to be exceeded in order to form a stable 
crystal nucleus, which will continue to grow spontaneously. The criterion for the maximum 
is: 
 
( ) 0=∆GU
*G
.     (1.6) 
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This can be regarded as the condition for equilibrium between a liquid and a solid with a 
curvature such that the driving force for solidification is equal to that for melting. Using 
equations (1.3) to (1.6), the critical radius U   and the activation energy ∆*  , become: 
 
JU ∆
⋅
−=
σ2
0      (1.7) 
 




∆
⋅

 ⋅
=∆ 2
3
0 3
16
J*
σpi
.    (1.8) 
 
The model is developed for pure metals without impurity particles. It can also be 
applied to alloys. In this case, the Gibbs free energy is not only a function of nucleus size, 
but also of composition F. As a first approximation, the critical size and composition would 
be found in this case from the conditions ( ) 0/ =∆ GU*G  and ( ) 0/ =∆ GF*G , which define 
a saddle point. 
 As was mentioned before, in order to obtain a glass, crystallization must be 
avoided. Consider now what conditions must be fulfilled by the crystal nucleation 
frequency and the cooling rate of the liquid if crystallization should be bypassed. The 
actual number Q of crystal nuclei, which appear isothermally in a volume Y   of the liquid 
in time W is [Tur69]: 
 
WY,Q δδ ⋅⋅= 1 ,     (1.9) 
 
where , is the nucleation frequency / (volume × time). In a liquid with a low viscosity the 
crystal growth rate is so large that the cooling rate will be limited by the recalescence after 
a single nucleus has appeared. Under these conditions nucleation would have to be 
suppressed completely for crystallization to be bypassed. This means that Q would have to 
be less than 1 [Tur69], where 
 
∫=

,GWYQ
0
1 .     (1.10) 
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W is the time in which the liquid is cooled, , is a function of temperature, and the variation 
of Y   with temperature is neglected. Relations (1.9) and (1.10) indicate that the probability 
of forming a nucleus will decrease with decreasing volume of the liquid, with decreasing 
nucleation frequency and with increasing cooling rate. 
A kinetic analysis based on simple nucleation theory [Tur69] leads to the following 
expression for the steady frequency of nucleus formation: 
( ) 


∆
−= 2
3
exp


77
EN, βα
η
,    (1.11) 
 
where N   is a constant specified by the model, E is a constant determined by the shape of 
the nucleus, and  and  are dimensionless parameters defined as: 
 
( )
5
6
57
+
+
91




∆
=
∆
=
∆
⋅
=
β
σ
α
3/12
,    (1.12) 
 
where 1 is Avogadro’s number, 5 is the gas constant, +   is the molar heat of fusion, 
∆6   ∆+ 7  is the entropy of fusion, &  is the molar difference in heat capacity 
between the crystal and the liquid and 9  is the molar volume of the crystal. The principal 
resistance of a fluid to nucleation is limited to α, which is proportional to the liquid-crystal 
interfacial energy σ. Physically α is the number of monolayers/area of a crystal, which 
would be melted at 7   by an enthalpy + equal to σ. 
 Figure 1.3 [Tur69] shows the calculated variation of the logarithm of the frequency 
of homogeneous nucleation of crystals in an undercooled liquid with reduced temperature 
for various assignments of   . For numerical modelling the number E was assigned its 
value for a sphere (16pi/3),  was set equal to 10-3 Pa·s, independent of temperature, and N   
was given the value 1023 N·m [Tur69]. It is possible to see that , is negligible at small 
undercooling. In fact, , must become 10-6 cm-3s-1 (1 m-3s-1) or larger in order to be 
observable under common experimental conditions. This means that the part of the ,± 7 ﬀ  
relation closest to equilibrium where the simple theory is most valid is practically 
inaccessible to the experiment. With increasing 7 ﬀ , , increases to a broad maximum at 
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7 ﬀ  = 1/3 and falls to zero at 7 = 0 K. Liquids with    > 0.9 would practically not 
crystallize at any undercooling, unless they are seeded. Thus, they would form glasses for 
sufficient undercooling. In contrast, it should be practically impossible to suppress, upon 
cooling to 0 K, the crystallization of fluids with small    (see fig. 1.3). 
 Experience indicates that  lies between 1 and 10 for most substances and it is near 
one for most simple monoatomic liquids, such as metals [Tur69].  has been measured 
directly only in a few instances [Buc60, Gli69] and there is no rigorous theory for 
predicting it. It is reasonable to assume that it may be not greater than 1, i. e. one melted 
monolayer. 
 
 
Fig. 1.3   Calculated dependence of the logarithm of the frequency (in cm-3s-1) of 
homogeneous nucleation of crystals in an undercooled liquid as a function of 
the reduced temperature for various values of ﬁ   (from [Tur69]). 
 
 Further, Turnbull explained that the glass-forming tendency should increase with 
the reduced glass temperature 7 ﬀ ﬂ  7ﬂ 7   [Tur69]. The effect of different assignments of 
7 ﬀ ﬂ  on the nucleation frequency, calculated from the simple theory, with    = 1/2, is 
shown in Fig. 1.4. The viscosity was calculated from an equation of the Fulcher form 
(equation (1.1)) with constants typical for a number of simple molecular liquids. 7ﬂ  was 
considered that temperature where  became 1014 Pa·s. 
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 From Fig. 1.4 it is possible to see that the effect of increasing 7 ﬀ ﬂ  is to lower, 
sharpen and shift the peak in the ,±7 ﬀ  relation to higher 7 ﬀ  values. Liquids with a glass 
temperature as high as (2/3)7  , if seed-free, would practically crystallize only within a 
narrow temperature range and then only slowly. Thus, they could be easily undercooled to 
the glassy state. Liquids with a glass temperature 7ﬂ  = 7  /2 could be chilled to the glassy 
state only in relative small volumes and at high cooling rates, according to these relations. 
For example, at a cooling rate5 ﬃ  ~ 106 K/s they would form glasses provided Y   < 10-7 
cm3 LH LQ GURSOHWV ZLWK D GLDPHWHU VPDOOHU WKDQ  P 2I FRXUVH WKH YDOXH RI 7 ﬀ ﬂ  
required to form a glass at a given cooling rate will be the lower the higher    is. 
 
 
Fig. 1.4   Variation of the logarithm of frequency (in cm-3s-1) of homogeneous 
nucleation of crystals in liquids with reduced temperature calculated from 
eqn. (1.11).    was set equal to 1/2 and the viscosity was calculated from 
the Fulcher equation (from [Tur69]). 
 
 The variation of the volume with temperature for a liquid is shown in Fig. 1.5. On 
cooling from the initial state A, the volume will decrease steadily along AB. If the rate of 
cooling is slow and nuclei are present, crystallization will take place at the melting 
temperature 7  . The volume will decrease sharply from B to C; thereafter, the solid will 
contract with falling temperature along CD. If the rate of cooling is sufficiently rapid, 
crystallization does not take place at 7  . The volume of the supercooled liquid decreases 
along BE, which is a smooth continuation of AB. At a certain temperature 7ﬂ  the volume-
temperature graph undergoes a significant change in slope and continues almost parallel to 
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the contraction graph CD of the crystalline form. Only below 7ﬂ  the material is a glass. The 
location of E, the point corresponding to 7ﬂ , varies with the rate of cooling and thus it is 
appropriate to call it a transformation range rather than a fixed point. At 7ﬂ , the viscosity of 
the material is about 1014 Pa·s. If the temperature of the glass is held constant at 7 a little 
below 7ﬂ , the volume 9 will continue to decrease slowly. It may reach the equilibrium level 
9¶ on the dotted line (see fig. 1.5), which is a smooth continuation of the contraction graph 
BE of the supercooled liquid. 
Other properties of the glass also change with time in the vicinity of 7ﬂ  [Pau90]. 
This process by which the glass reaches a more stable condition is known as relaxation 
[Pau90]. Above 7ﬂ  no such time-dependence of properties is observed. As a result of the 
existence of relaxation effects, the properties of a glass depend to a certain extent on the 
rate at which it has been cooled and on heat treatments, particularly in the transformation 
range. 
 
 
Fig. 1.5   Relationship between glassy, liquid and solid states. 
 
 As is seen in Fig. 1.5, at the glass transition, the volume 9 does not change 
discontinuously. As the glass transition is reached and the system departs from the 
equilibrium, the slope of the 9changes and remains constant below 7ﬂ , 9 following the 
values for a glass. At those temperatures, the slope of the 9±7 relationship for the glass is 
approximately the same as that for the crystal, implying that the heat capacity for the 
glassy phase has typical solid-like values. The thermal expansion coefficient 
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Analogously, the enthalpy 
$7
*7*+ 


∂
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⋅−=     (1.15) 
does not change, but the heat capacity 
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changes at the transition. These considerations indicate that the glass transition has more or 
less the characteristics specified for a second-order thermodynamic transition. In fact, at 
the transition &&  changes rapidly but continuously. So, it is not correct to consider the glass 
transition as a phase transition of the second order. Moreover, because no essential change 
in spatial atomic configuration occurs at the liquid-glass transition, a liquid and a glass 
belong structurally and thermodynamically to the same phase. 
 
0HWDOOLFDOOR\VLQWKHJODVV\VWDWH
 
%XONJODVVIRUPLQJDOOR\V 
 Since the first synthesis of an amorphous phase in the Au-Si system by rapid 
solidification in 1960, a great number of amorphous alloys has been produced within the 
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last four decades. The Fe-, Co- and Ni- based amorphous alloys found before 1990 
required high cooling rates above 105 K/s for glass formation and the resulting sample 
WKLFNQHVVZDVOLPLWHGWROHVVWKDQDERXW P0RUHUHFHQWO\VLQFH,QRXe and co-
workers [Ino00a, Ino02a] succeeded in finding new multicomponent alloy systems with 
much lower critical cooling rates in the Mg-, Ln- (Ln = lanthanide metals), Zr-, Fe-, Pd-
Cu-, Pd-Fe-, Ti-, and Ni-based alloy systems. Typical alloy systems, which may form bulk 
metallic glasses (BMGs), reported up to date, are summarized in Table 1.1, together with 
the year when the first corresponding paper and/or patent was published. It is apparent that 
the first bulk glassy alloys, which were developed, were non-ferrous systems followed by 
the Fe- and Co-based alloy systems. Furthermore, it can be seen that the Cu-based bulk 
glassy alloys defined by Cu contents above 50 atomic % were developed most recently 
[Zha01], [Ino01a], though other bulk glassy alloys also contain Cu as a main additive 
[Cho98], [Ino01b]. 
 
Table 1.1 Typical bulk glassy alloy systems reported up to date together with the calendar 
year when the first paper or patent of each alloy system was published. 
1. Nonferrous alloy systems  2. Ferrous alloy systems  
Mg-Ln-M (M = Ni,Cu,Zn) [Ino92] 
Ln-Al-TM (TM = the VI – VIII 
group transition metal) [Ino93] 
Ln-Ga-TM [Ino93] 
Zr-Al-TM [Zha91] 
Zr-Ti-TM-Be [Pek93] 
Zr-(Ti,Nb,Pd)-Al-TM [Ino95a] 
Pd-Cu-Ni-P [Ino96a] 
Pd-Ni-Fe-P [He98] 
Pd-Cu-B-Si [He98] 
Ti-Ni-Cu-Sn [Ino99] 
Cu-(Zr,Hf)-Ti [Zha01] 
Cu-(Zr,Hf)-Ti-(Y,Be) [Ino01a] 
Cu-Zr [Xu04] 
1988 
1989 
 
1989 
1990 
1993 
1995 
1996 
1996 
1997 
1998 
2001 
2001 
2004 
Fe-(Al,Ga)-(P,C,B,Si,Ge) [Ino95b] 
Fe-(Nb,Mo)-(Al,Ga)-(P,B,Si) [Ino93] 
Co-(Al,Ga)-(P,B,Si) [Ino96b] 
Fe-(Zr,Hf,Nb)-B [Ino98] 
Co-(Zr,Hf,Nb)-B [Ino98] 
Ni-(Zr,Hf,Nb)-B [Ino98] 
Fe-Co-Ln-B [Zha99] 
Fe-(Nb,Cr,Mo)-(C,B) [Pan01] 
Fe-(Cr,Mo,Ga)-(P,C,B) [She99a] 
Co-Ta-B [She01a] 
Fe-Ga-(P,B) [She00] 
Ni-Zr-Ti-Sn-Si [Ino02a] 
Fe-Cr-Mo-(Y,Ln)-C-B [Pon04] 
Fe-Cr-Co-Mo-Mn-C-B-Y [Lu04] 
1995 
1995 
1996 
1996 
1996 
1996 
1998 
1999 
1999 
1999 
2000 
2001 
2004 
2004 
 
 Examining the compositions listed in Table 1.1 in detail, it is possible to divide 
these alloys in five groups, as summarized in Table 1.2. The transition metals belonging to 
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the group numbers I to IV of the periodic table are named ETM (early transition metals), 
the group VIII transition metals LTM (late transition metals), simple metals are used for 
Mg and Be, and the metalloids are B, C, Si and P. The first group (i) of bulk glassy alloys 
consists of ETM (or Ln), Al and LTM, as exemplified for the Zr-Al-Ni and Ln-Al-Ni 
systems. The second group (ii) is composed of LTM, ETM and metalloid, as for example 
Fe-Zr-B and Co-Nb-B systems. The third group (iii) are LTM (Fe)-(Al,Ga)-metalloid 
systems and the fourth group (iv) are Mg-Ln-LTM and ETM(Zr,Ti)-simple metal(Be)-
LTM alloys. The Pd-Cu-Ni-P and Pd-Ni-P systems (v) are composed only of LTM and 
metalloid, which are different from the combination of the three types of group elements 
for the alloys belonging to the four previous groups (i)-(iv). It is important to point out that 
all the alloys belonging to groups (i) to (iv) are based on the following three empirical 
rules, summarized by Inoue [Ino00a]: (1) multicomponent systems consisting of more than 
three elements; (2) significant difference in atomic size ratios above about 12 % among the 
three main constituent elements; and (3) negative heats of mixing of the three main 
constituent elements. 
 
Table 1.2 The five groups of composition able to form bulk metallic glasses. 
i (Ln or ETM) – (Al or Ga) – LTM 
ii LTM – ETM – Metalloid 
iii LTM – (Al and/or Ga) – Metalloid 
iv Simple Metal – Ln – LTM       or       Simple Metal – ETM – LTM 
v LTM – Metalloid 
 
The three empirical rules can be derived from the kinetic and thermodynamic 
considerations discussed in paragraph 1.2.2. An alloy, which meets these empirical rules 
will have a high degree of dense random packed structure, from topological and chemical 
point of view (increased relative density), which leads to a particular atomic configuration 
and a multicomponent interaction on a short-range scale. Upon cooling, the undercooled 
liquid will have a high solid-liquid interfacial energy, which is favourable for suppression 
of nucleation of a crystalline phase. The impossibility of atomic rearrangement on a long-
range scale for crystallization will suppress the growth of a crystalline phase. The difficulty 
of atomic rearrangement will decrease the atomic diffusivity and increase the viscosity. 
The multicomponent alloys, which meet the three empirical rules, always have a deep 
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eutectic with a low melting temperature, leading to high 7' 7 (  and large ∆7)  values, where 
∆7)  is named the supercooled liquid region and it is defined as the difference between glass 
transition temperature 7'  and crystallization temperature 7) . Therefore, a high thermal 
stability of the supercooled liquid is observed. Before Inoue [Ino00a], in 1993 Greer 
[Gre93] explained this behavior in a simpler and concise way: the alloy has a low chance 
to select a crystalline structure when a wide variety of elements is present in its 
composition, it is “too confused to crystallize”. 
 The Pd-Cu-Ni-P and Pd-Ni-P amorphous alloys do not satisfy the three empirical 
rules (the heats of mixing are nearly zero for Pd-Cu and Pd-Ni [Boe89] and the atomic size 
ratio between Pd and Cu or Ni is less than 10 % [ASM92]). The origin of high stability of 
the supercooled liquid against crystallization for Pd40Cu30Ni10P20 and Pd40Ni40P20 bulk 
amorphous alloys was explained [Ino00a] by assuming that the Pd-Cu-Ni-P amorphous 
alloy is composed of two large clustered units, one corresponding to the Pd-Ni-P region 
and the other to the Pd-Cu-P region. The coexistence of the two large clustered units seems 
to play an important role in the stabilization of the supercooled liquid for the Pd-based 
alloys, because of the strong bonding nature of metal-metalloid atomic pairs in the 
clustered units, the high stability of metal-metalloid clustered units and the difficulty of 
rearrangement among the clustered units [Ino00a]. 
 
 5HODWLRQ EHWZHHQ FRROLQJ UDWH JODVV IRUPLQJ DELOLW\ DQG VDPSOH
WKLFNQHVV 
 As already mentioned, the main parameters, which characterize the glass-forming 
ability (GFA) of the glassy state are the reduced glass transition temperature 7 * '  7' 7 (  
and the extension of the supercooled liquid region 7)  7) ±7' . 7 (  is usually considered 
to be the liquidus temperature 7 + , -  and it is measured as the onset of melting upon heating. 
The compositions summarized in the previous section exhibit a rather high reduced glass 
transition temperature and a large extension of the supercooled liquid region. They also 
need only a relatively low cooling rate for glass formation. Figure 1.6 shows the 
relationship between the critical cooling rate5 .  (which is defined as the minimum rate at 
which an alloy must be cooled from its liquid state in order to retain the amorphous 
structure), maximum sample thickness W(0/1)  and reduced glass transition temperature 7 * '  = 
7' 7 (  for amorphous alloys reported up to date [Ino00a]. 
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The lowest 5 .  is as low as 0.1 K/s for Pd40Cu30Ni10P20 and W (0/1)  reaches values as 
large as about 100 mm [Ino97]. It is also noticed that the recent improvement of the GFA 
reaches 6-7 orders for the critical cooling rate and 3-4 orders for the maximum thickness. 
There is a clear tendency for the GFA to increase with increasing 7' 7 ( . Figure 1.7 shows 
the relationship between 5 . , W(0/1)  and 7) . One can see a clear tendency for the GFA to 
increase with increasing 7) . The values of 7)  exceed 100 K for several amorphous alloys 
in the Zr-Al-Ni-Cu and Pd-Cu-Ni-P systems and the largest 7)  reaches 127 K for the Zr-
Al-Ni-Cu base system [Zha91]. 
 
 
 
Fig. 1.6 Relationship between the critical 
cooling rate for glass formation 
(5 . ), the maximum sample 
thickness of the glass (W(0/1) ) and 
the reduced glass transition 
temperature (7' 7( ) for 
amorphous alloys (from 
[Ino00a]). 
 Fig. 
1.7 
Relationship between the 
critical cooling rate for glass 
formation (5 . ), the maximum 
sample thickness of the glass 
(W(2/1) ) and the supercooled 
liquid region ( 7) ) for 
amorphous alloys (from 
[Ino00a]). 
 
The Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 alloy, which forms a BMG with a maximum 
thickness of 14 mm at cooling rates of less than 10 K/s [Pek93], behaves in a different 
way. This alloy has 7* '  = 0.67 and ∆7)  = 80 K, which indicate a good glass-forming ability. 
Further studies [Bus95, Zhu00] demonstrated that the Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 
undercooled melt decomposes during cooling in the liquid state and forms a two-phase 
mixture of respective Zr-rich and Be-rich amorphous regions with a typical length scale of 
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tens of nanometers. The decomposition products themselves require a much higher cooling 
rates (~500 K/s), if they are produced by cooling from the melt. That means that both 
phases themselves are not as good a glass former as the Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 with its 
tendency to phase separation, suggesting that the tendency to phase separation in the 
undercooled Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 melt is a contributing factor to its extremely high 
glass-forming ability. This decomposition is the limiting factor for nucleation of crystalline 
phases and thus determines the critical cooling rate [Bus95]. 
 As mentioned in the previous paragraph, the Fe-(Cr,Mo,Ga)-(P,C,B) alloy can be 
considered as a type (iii) alloy and was mentioned first in 1999 (see Table 1.1 and 1.2). For 
this alloy, the relationship between 5 .  W (0/1) , 7' 7)  and 7) , respectively, is marked in Figs. 
1.6 and 1.7 by the grey spot. It exhibits a rather low critical cooling rate (of the order of 102 
– 103 K/s) and a high glass-forming ability, as well as a reduced glass transition 
temperature 7 * '  of about 0.6 and a supercooled liquid region 7)  ~ 60 K. In comparison to 
the first discovered magnetic amorphous alloys, like FeB or FeBC systems [Ino00a], these 
values allow to produce bulk glassy alloys, but they are lower than the values reported for 
non-magnetic alloys, like Pd- or Zr-based alloys. Thus, the maximum achievable thickness 
is limited to a few millimetres (see Figs. 1.6 and 1.7). 
 
0HFKDQLFDOSURSHUWLHVRIEXONJODVV\DOOR\V
 
0HFKDQLFDOFKDUDFWHUL]DWLRQ
 Mechanical properties belong to the most interesting characteristics of glassy 
metals. Fracture in glassy metals proceeds by highly localized shear deformations, which 
contrasts with the brittle fracture commonly observed in non-metallic glasses. The 
behavior of the material under load can be studied by means of tensile or compression test. 
Generally, a sample with an initial length O 3  and a cross-section $ subjected to an applied 
load ), will suffer an elastic deformation followed by a plastic deformation regime until 
the rupture. The elastic regime can be described by the Hook’s law: 
 
0O
O($
) ∆
=  or εσ ⋅= (    (1.17) 
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where ( is the elastic modulus (or Young’s modulus) and ∆O is the variation of the sample 
length during testing. The ratio )$ σ is named stress or strength and it has the 
dimension of a pressure. The relative elongation ∆OO 3  ε is named strain and usually is 
considered in percents. 
Figure 1.8 shows a typical stress-strain curve for a ductile material, with the 
following important points indicated [Iso]: 
 Yield (elastic) strength σ 4  (sometime σ 5 6 4  for tensile test, respectively σ . 6 4  for 
compression test) is the maximum engineering stress at which permanent, non-elastic 
deformation begins. The yield point is the first point (load) at which the specimen yields, 
where the specimen cross-sectional area begins to decrease (in tensile test) or increase (in 
compression test) significantly, or a modification in strain occurs without a modification in 
stress. The ultimate strength or fracture strength σ7  (σ 5 6 7  for tensile test, σ . 6 7  for compression 
test) is the maximum stress a material can withstand before failing. The characteristic 
values of the strain are named yield strain ε 4  and fracture strain ε7 , for the yield point and 
fracture point, respectively (see fig. 1.8) [Iso, Ins]. 
 
 
Fig. 1.8   A typical stress-strain curve for a ductile material, 
with description of the important points [Iso]. 
 
 The tensile (compressive) modulus (, or Young’s modulus, defined within the 
elastic region of the stress-strain curve (prior to yield point), is usually measured at very 
low strains where the stress is proportional to the strain [Ins, Iso]. 
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The resistance of a metal to plastic deformation is named hardness and it is usually 
determined by indentation. Although the concept of hardness is one of the most intuitive 
properties of materials, its practical definition is complex [Tab51]. The precise definition 
depends on the method of the measurement, which will determine the scale of the hardness 
obtained. Conversions from one hardness scale to another can be done only by making a 
direct calibration for the material under consideration. Any method used to measure 
hardness depends on several physical properties and involves plastic and elastic 
deformation of the tested material. Elastic limit, elastic modulus, yield point, tensile 
strength, etc…. all play a part in the result obtained. It is also important to realize that the 
hardness properties of a material may change appreciably during the performance of a test. 
For instance, in an indentation type of test, the initial penetration of the indenter increases 
the resistance of the material to further indentation. Similarly in a wear test, the surface 
may become work-hardened and more resistant to further abrasion. Additionally, two 
materials giving the same hardness number may exhibit quite different forging, stretching, 
rolling or drawing properties. However, hardness tests are widely carried out to classify 
materials. It is a non-destructive test, easy to perform and can be used to determine the 
suitability of a material for a given purpose. It can also be used to check the uniformity of a 
product or to assess the success of a heat treatment or a given method of fabrication 
[Tab51]. 
The Vickers hardness is a measure of the hardness of a material, calculated from 
the size of an impression produced under load by a square pyramid-shaped diamond 
indenter. The Vickers number (+ 8 ) is calculated using the following formula: + 8   
1.854·)$, with ) being the applied load (measured in kilograms-force) and $ the area of 
the indentation (measured in square millimetres). The applied load is usually specified 
when + 8  is cited. In the case of the triangular pyramid Berkovich indenter, for which K is 
the depth of the indentation and D the length of the side, the hardness + can be calculated 
as + = (2.092·))/D 9  = (0.0381·))/K 9 , where ) is the applied load in N. The numbers, which 
appear in the relations used for hardness calculation, are constants and determined by the 
geometry of the prism [Tab51, Alc02]. 
 
0HFKDQLFDOSURSHUWLHVDQGDPRUSKRXVVWUXFWXUH
Fig. 1.9 shows the relation between tensile strength and Young’ s modulus for bulk 
amorphous alloys, together with the data of conventional crystalline alloys [Ino01c]. It has 
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to be noticed also that in the case of Pd- or Zr- based bulk glassy alloys the tensile fracture 
takes place on the maximum shear plane which is declined by about 45° to the direction of 
the tensile load and the fracture surface consists mainly of a well developed vein pattern 
[Ino95c], indicating a remarkable extension of the deformation region resulting from the 
highly ductile nature of the cast bulk amorphous alloy. 
 Most recently [Ino01a] new Cu-based bulk glassy alloys with high tensile strength 
were found in very simple alloy systems of Cu-Zr-Ti and Cu-Hf-Ti (see also Table 1.1). 
The tensile or compressive fracture strength exceeds 2 GPa and Young’ s modulus exceeds 
110 GPa [Ino02a] and is higher than that for the Zr-based bulk glassy alloys (see Fig. 1.9). 
In compression, the elastic elongation ε 4  is about 2 %, followed by a plastic deformation of 
more than 1 %, leading to a fracture elongation ε7  of about 3 %. Further investigations 
showed that the shear plane along which the fracture occurred was declined more than 45°, 
up to 55° to the direction of the applied load. However, recent systematic investigations on 
different alloy systems indicate that the shear fracture always deviates from the maximum 
shear stress plane either under compression or under tension [Zha03a]. 
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Fig. 1.9   Relation between tensile fracture strength σ7  and 
Young’ s modulus ( for bulk amorphous alloys (black 
squares) in comparison with conventional crystalline 
alloys (open circles); the data for the Fe-based 
amorphous alloys were obtained by compression tests 
[Ino01c]. 
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 In order to investigate the mechanism for the high tensile strength of the Cu- based 
bulk glassy alloys, Inoue et al. [Ino01d] plotted the fracture strength σ7  versus glass 
transition temperature 7'  and liquidus temperature 7 + , - , for different Cu contents. A good 
linear relation was found, showing a clear tendency for σ7  to increase with increasing 7'  or 
7 + , - . It is generally known that the glass transition temperature or liquidus temperature are 
dominated by the bonding forces between the constituent elements. Consequently, the high 
mechanical strength of the Cu-based bulk glassy alloys is due to the stronger bonding force 
between the constituent elements as compared to those for the Zr-based glassy alloys. 
From this linear relation, the tensile fracture strength is expressed i.e. by the following 
relations [Ino02a]: 
 
;
< 7⋅+⋅−= 47.71035.3 3σ
    (1.18) 
 
and 
 
= > ?@ 7⋅+⋅−= 34.31093.1 3σ .    (1.19) 
 
Equations (1.18) and (1.19) were obtained by linear fitting of the experimental data and 
cannot be strictly applied to all kind of bulk metallic glasses. The fracture strength σ7  and 
the glass transition temperature 7'  are indeed in a linear relationship [Ino03], but the slope 
of the fitting changes when a larger interval for 7'  is considered. As an example, for 
Fe60Co8Zr10Mo5W2B15 [Ino00a], 7'  = 898 K, 7 + , -  = 1425 K. The corresponding values for 
σ7  calculated using equations (1.18) and (1.19) are 3.3 and 2.8 GPa, respectively. The 
experimental data measured by compression test revealed a value of 3.8 GPa [Ino00a], 
much higher than the calculated values. 
As already shown in Fig. 1.9, the tensile fracture strength σ7  has a linear relation 
with Young’ s modulus (, for bulk glassy alloys as well as for conventional crystalline 
alloys. The Vickers hardness + 8  keeps the same linear relation with ( [Ino02a]. As shown 
Fig. 1.9, the slope of the linear relation for the bulk glassy alloys is much steeper than that 
for the ordinary crystalline alloys, indicating clearly that the fundamental mechanical 
properties of the bulk glassy alloys are significantly different from those of the crystalline 
alloys. It can also be seen that the scattering of the data from the linear relation is much 
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smaller for the bulk glassy alloys than for the crystalline alloys. The much better linearity 
is attributed to the formation of an ideally homogenized solid solution over the whole 
composition range, something that can be regarded as one of the typical characteristics of 
glassy alloys. From these relations, it is concluded that the mechanical properties for the 
bulk glassy alloys have the features of much higher tensile strength and much lower 
Young’ s modulus. The difference in these values between glassy and crystalline alloys 
exceeds 60%. The linear relations are also expressed as follows [Ino02a]: σ7 ( 0.02Â 
and + 8 (   0.0061. The slope value of approximately 0.02 corresponds to an elastic 
strain limit and hence the glassy alloys can have a much larger elastic strain. The 
significant difference in the mechanical properties is thought to be a reflection of the 
difference in the deformation and fracture mechanisms between bulk glassy and crystalline 
alloys. 
 
7KHPDJQHWLVPRIWKHDPRUSKRXVVWDWH
 
2ULJLQRIIHUURPDJQHWLVP
 At a first glance the coexistence of long-range ferromagnetic ordering with a 
structurally disordered material seems to be incompatible. However, the very short-range 
order structure in the glassy state does not differ significantly from that in the 
corresponding crystalline material. The ferromagnetism is supposed to arise from 
interactions between neighbouring atomic moments, which make them to align parallel. 
In 1928 Heisenberg [Hei28] described the quantum mechanical origin of 
ferromagnetism, by considering the interaction between electronic spins. The spins of the 
neighbouring electrons are coupled and in this way all the spins are oriented in the same 
direction. This parallel alignment of the spins gives rise to a macroscopic magnetic 
moment. The coupling can be written as: 
 
∑
><
⋅⋅−= A
B
A
BB
A 66-+
,
2
1
,    (1.20) 
 
where + is the Hamilton operator, - , C  the exchange integral and D6 , E6  the spin operators 
of two neighbouring electrons [Hei28]. The summation counts all neighbour pairs. If the 
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exchange integral is positive, the Hamilton operator takes a minimum value when the spins 
of the electrons are parallel and point into the same direction. This alignment is 
characteristic for ferromagnetic materials. When the exchange integral is negative, the 
arrangement of the spins parallel but pointing into opposite directions is energetically 
favourable. Such materials are called antiferromagnets. 
 In the demagnetized state, ferromagnets show no net magnetization. But they are 
spontaneously decomposed in small regions, within the magnetic moments are ordered, 
regions named magnetic domains. The magnitude of magnetization in all domains is the 
same but the direction varies from one domain to the other. Thus, a demagnetised state is 
possible (Fig. 1.10 a). A ferromagnetic body has a magnetostatic energy. The magnetic 
domains are generated spontaneously in order to minimize this energy until the energy 
consumed for the formation of a new domain is higher than the corresponding lowering of 
the magnetostatic energy. The directions of the magnetic moments are not changed 
suddenly from one domain to another but rotate gradually within the domain walls (Fig. 
1.10 [Chi97]). The domain wall width can be even of the order of 1000 atoms. 
 
  (a) 
 
 
 
 
 
  (b) 
 
 
 
 
 
Fig. 1.10  (a) Magnetic domains in a ferromagnetic substance. 
(b) Rotation of magnetic moments within a domain wall. 
 
 The vectorial sum of all magnetic moments P  relative to the entire volume of the 
ferromagnetic body is called volume magnetization F0 . In the demagnetised state, the 
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magnetic moments are randomly oriented. The vectorial sum of the magnetic moments is 
zero and, therefore, the total magnetization is zero [Chi97]. 
 
0DJQHWLFSURSHUWLHV
 The spontaneous magnetization varies with temperature. Usually the magnetization 
decreases with increasing temperature and it vanishes at a temperature, which is named 
Curie temperature 7 . . The Curie temperature separates the disordered paramagnetic state at 
7 > 7 .  from the ordered magnetic state at 7 < 7 . . At low temperatures, the magnetization 
can be written as [Han80]: 
 
( )...1)0()( 2/52/3 −⋅−⋅−⋅= 7&7%070 ,   (1.21) 
 
where 0 is the magnetization at 0 K and %and& are constants. The general variation of 
the reduced magnetization 070 versus the reduced temperature 77 G  is shown in Fig. 
1.11 [Han80]. Knowing the experimental behavior at low temperatures, equation (1.21) 
can be applied in order to calculate the magnetization at 0 K. 
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Fig. 1.11  Reduced magnetization 070 versus reduced temperature 77 G . 
 
 In many cases [Bha79], equation (1.21) fits the experimental data from very low 
temperatures up to a temperature close to Â7 G . When the temperature is higher, the 
experimental behavior can be described better by [Kau85, Her89]: 
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


−⋅= H7
7070 1)0()( ,    (1.22) 
 
with the exponent β close to the Heisenberg value β . 
 The magnetic behavior of ferromagnetic materials can be described by [Kne62]: 
 
( ) -++0+% +⋅=+⋅= 00 )( µµ ,    (1.23) 
 
or, in scalar form, 
 
++% ⋅⋅= )(0 µµ ,     (1.24) 
 
where % is named magnetic flux density or magnetic induction, + is the magnetic field, 0 
is the magnetization and - is the polarization. µ I  = 4·pi·10-7 V·s/A·m is the vacuum 
permeability and µ is the relative permeability. 
 In the absence of an external magnetic field the magnetic moments align along a 
certain axis, the so-called magnetic easy axis. This phenomenon is called magnetic 
anisotropy, which describes the dependence of the internal energy on the direction of the 
spontaneous magnetization. Generally, the magnetic anisotropy energy term has the same 
symmetry as the crystal structure of the material and it is called magnetocrystalline 
anisotropy. The magnetocrystalline energy density for a cubic crystal can be written as 
[Kne62]: 
 
( ) ...232221223222321222110 +++++= ααααααααα ...Z J ,  (1.25) 
 
and for a hexagonal crystal as: 
 
...sinsinsin 63
4
2
2
10 +Ψ+Ψ+Ψ+= ....Z K .   (1.26) 
 
In (1.25) and (1.26), α L , αM  and α N  are the direction cosines of the magnetization relative to 
the crystallographic axis, Ψ is the angle between the hexagonal F-axis and the 
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magnetization and . I , . L , . M  and . N  are the magnetocrystalline anisotropy constants. For 
an α-Fe crystal, . L > 0 and the easy axes are the cube edges <100>. For a Ni crystal, 
. L < 0 and the easy axes are the cubic diagonals <111>. For the hexagonal-close-packed 
(KFS) structure (Co crystal), the c-axis [0001] is the easy axis of magnetization. 
When a magnetic material is subjected to an increasing external magnetic field + , 
its magnetization increases and finally reaches a limiting value, the saturation 
magnetization 0 O . The saturation takes place by two independent processes. If a magnetic 
field is applied parallel to the magnetization of one of two domains separated by a domain 
wall, the volume of the domain magnetized parallel to +  increases by a domain wall 
displacement. The net or resultant magnetization therefore increases. If there are no more 
domain wall displacements possible, a further increase of the external field causes a 
rotation of the magnetization from the easy axis into the field direction. The change of the 
polar distribution of domain magnetizations with an external magnetic field is shown in the 
magnetization curve of a polycrystalline uniaxial ferromagnet (Fig. 1.12, [Chi97]). Starting 
from the demagnetised state in point A where the distribution is isotropic, the 
magnetizations pointing in the negative direction are reversed and increase the number of 
domains in the positive hemisphere as the field increases in the positive direction (point B). 
At a sufficiently high field, all magnetizations are aligned to the field direction as shown at 
C. This is the saturated state where the magnetization reaches the saturation value 0 O . If 
the field is reduced, each domain magnetization rotates back to the nearest positive easy 
direction and thus fills a hemisphere at the residual magnetization 0P  in zero external field 
(point D). Applying an external field in the negative direction, the most unstable 
magnetizations in the positive direction will be reversed first. This results in the 
distribution shown at point E, where the net magnetization is zero. The corresponding field 
is called the coercive field + Q . A further increase of the field in the negative direction 
results in a negative saturation, at point F. Decreasing again the field and increasing 
towards the positive direction, the polar diagram (hysteresis loop) closes in a symmetrical 
way, following the F-G-C line [Chi97]. 
 The shape and the magnitude of the hysteresis loop depend not only on the 
material, but also on the manner in which the sample is magnetized. Therefore, the 
magnetizing conditions under which such data have been obtained are as important as the 
data themselves. As was shown, the hysteresis loop can reveal two types of properties: 
properties derived from its magnitude and properties derived from its shape. 
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Fig. 1.12   Polar diagram showing the magnetization distribution at various points on 
the magnetization curve (from [Chi97]). 
 
 From the magnitude of the hysteresis loop the saturation magnetization 0 U  and the 
relative permeability µ can be measured. The permeability µ is defined as the ratio of the 
magnetic induction % and the magnetic field + divided by the vacuum permeability µ I : 
 
+
%
0µ
µ =      (1.27) 
 
 The area, which is enclosed by the hysteresis loop, describes a specific energy. It 
represents the energy per volume, which is dissipated during one magnetization cycle 
along that hysteresis loop. If a soft magnetic material is periodically magnetized with a 
certain frequency I there will be a specific power converted into heat, i. e. lost, which is 
called magnetic loss : given by: 
 
∫= +G%I: V  specific loss per volume (1.28) 
or 
W
X ::
ρ
1
=   specific loss per mass  (1.29) 
 
with ρ = mass density. 
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 The quantities : Y I or : Z I are called specific loss per cycle. The special value 
 
∫ =→ == 00lim [[\ %+GI::     (1.30) 
 
is called hysteresis loss per cycle. The difference between the total magnetic loss and the 
hysteresis loss per cycle multiplied by the frequency is called the eddy current loss : ] : 
 
( )∫ −= ^_ :+G%I:      (1.31) 
 
 In the case of a sinusoidal time dependence of the induction %  the eddy current 
losses are roughly proportional to the square of the peak induction and to the square of the 
frequency. 
A magnetic specimen introduced into a magnetic field can change its shape. This 
phenomenon is called magnetostriction. The deformation  OO due to magnetostriction is 
usually very small, of the order of 10-6 to 10-5. A deformation of this magnitude can be 
conveniently measured by means of a strain gauge technique for bulk samples or small 
angle magnetization rotation in the case of ribbons, the details of which will be described 
later. Although the deformation is small, magnetostriction is an important factor in 
controlling the domain structure and the process of technical magnetization. The 
magnetostriction constant  depends on temperature and crystallographic directions. For an 
isotropic cubic polycrystalline substance, the saturation magnetostriction constant `  can be 
written as [Kne62]: 
 
5
32 111100 λλλ ⋅+⋅=a      (1.32) 
 
where bdcdc and bdbdb are the magnetostriction constants along the cube edge and the cube 
diagonal, respectively. In a ferromagnetic sample with a saturation magnetostriction 
constant λ ` , an elastic anisotropy can be induced by a mechanical tension σ applied to this 
sample. The induced anisotropy constant .σ is given by [Kne62]: 
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where - `  is the saturation polarization, given by - `  µ c 0 ` . 
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Fig. 1.13  Classification of magnetic materials (from [Bol90]) 
 
 Returning again to the shape of the hysteresis loop: a simple classification of 
ferromagnetic materials on the basis of their coercivity, which is a microstructure-sensitive 
magnetic property, can be done. Figure 1.13 shows a classification of the magnetic 
substances based of their coercivity, saturation polarization and remanence [Bol90]. In 
addition to the coercivity, the maximum energy product %Â+max is another parameter of 
prime importance for permanent magnets. It is obtained by finding the maximum value of 
the product %Â+ in the second (demagnetizing) quadrant of the hysteresis loop. 
The terms “KDUG” and “VRIW” are used to distinguish ferromagnets on the basis of their 
coercivity. “+DUG´ magnetic materials are those with a coercivity above 50 kA/m, while 
“VRIW” magnetic materials are those with a coercivity below 1 kA/m. As is shown in Fig. 
1.13, the softest magnetic materials are the amorphous alloys. 
Co-based metallic glasses with a coercivity below 1 A/m also show a very low 
saturation magnetostriction constant of the order of λ = 10-7 ppm [Bol90]. For this reason, 
they are named zero-magnetostrictive alloys. In comparison, the Fe-based metallic glasses 
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show a higher saturation polarization, but their coercivity is more than one order of 
magnitude higher and the magnetostriction constant can reach 10…20·10-6 [Bol90]. 
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3UHSDUDWLRQWHFKQLTXHV
 
 As was described in the first chapter, the purity of the master alloy, i.e. the absence 
of impurities like oxides or foreign inclusions, plays an important role in order to obtain a 
bulk amorphous alloy. For this reason, it is necessary to pay special attention to the 
preparation procedures. 
 
&RSSHUPROGFDVWLQJ
 Several Fe77.5-x-y-zCrxMoyGazP12C5B5.5 master alloys with different Fe, Cr, Mo and 
Ga content were produced using induction melting. The preparation consisted of several 
steps. The first step was dedicated to produce binary FeC, FeGa and FeP pre-alloys, which 
were analysed in order to determine their real composition, as well as their oxygen content. 
Subsequently they were melted together with pure Cr, Mo and B in the necessary 
proportions. The used raw materials were: bulk pieces of Fe, Ga, Cr and Mo with a purity 
better than 99.9%, graphite as C– powder with 99.9% purity, crystalline B with 99.999% 
purity and red amorphous P– powder with 99% purity. The FeP pre-alloy was prepared by 
mechanical alloying of Fe powder (less than 10 microns particle size) with P powder (less 
than 100 microns particle size) in a SPEX 8000 shaker mill, consolidation of the alloyed 
powder by cold pressing and subsequent induction melting of the resulting pellets. The 
mechanical alloying was done for 5 hours using hardened steel balls and vial and a 3:1 
ball-to-powder weight ratio. The composition was chosen to be the Fe83P17 eutectic. The 
handling of the powder was done in a glove box, under purified Ar atmosphere with less 
than 1 ppm oxygen and water content. The FeC pre-alloy was obtained by induction 
melting of Fe lumps together with graphite powder. The composition was chosen to be also 
the Fe83C17 eutectic. Fe lumps melted together with Ga lumps gave the third pre-alloy, with 
the composition Fe56.36Ga43.64. 
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 An INDURET-S facility made by REITEL Feinwerktechnik GmbH was used in 
order to produce the above described binary pre-alloys, as well as the master alloys and the 
bulk amorphous samples. The experimental set-up is briefly sketched in Fig. 2.1. The 
device consists of two chambers: the upper chamber in which the induction coil and the 
working crucible are placed, and the lower chamber, which contains the copper mold. Both 
chambers can be evacuated to 10-2 mbar using a vacuum pump and filled/flushed with 
99.9% pure Ar. For melting, a ceramic (Al2O3) cylindrical crucible was used, with a 
diameter of about 40 mm and a conical nozzle, having in its lower part a hole of approx. 6 
mm diameter. The hole is closed during melting with a boron nitride stopper which can be 
lifted automatically, opening the hole and giving the possibility to eject the molten alloy. 
The ejection is supported by an argon overpressure, set between 0 and 3 bars, which can be 
applied at the same moment as the withdrawal of the stopper or with a delay time 
adjustable between zero and one second.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.1     Experimental set-up for copper mold casting. 
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The induction generator can deliver an adjustable power between 0 and 3 kW at a 
frequency of 30 kHz. The temperature is monitored by an external two-color optical 
pyrometer visualizing the upper surface of the molten alloy through a glass window. The 
maximum achievable temperature is around 1650 °C. 
 The lower chamber contains the copper mold. The mold is cylindrical and without a 
cooling system. The mold entrance and the ejection hole of the crucible are carefully 
aligned. For casting the master alloys, a mold with an internal cylindrical channel of 12 
mm diameter was used. In the case of amorphous alloys, molds with an internal shape in 
form of cylindrical rods with 1, 1.5, 2, 2.5 and 3 mm diameter, respectively, or a 
rectangular bar 2x2 mm, as well as a disc with 10 mm diameter and 1 mm thickness were 
used. 
 
0HOWVSLQQLQJ
 In order to produce amorphous ribbons, a melt spinning facility was used. In chill 
block melt spinning, a molten liquid is ejected by gas pressure onto a rapidly rotating 
wheel. Solidification occurs on the melt spinning wheel and results in the formation of 
ribbons, which detach easily from the wheel surface due to thermal contraction differences. 
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Fig. 2.2     The melt spinning facility 
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 An open melt spinner designed in-house with a massive 20 cm diameter copper 
wheel was used (Fig. 2.2). Pieces of the master alloy were inductively melted in a fused 
silica cylindrical crucible, using a medium frequency generator with a maximum power of 
25 kW at a nominal frequency of 10 kHz. The crucible has in its bottom part a rectangular 
nozzle tip of 10 mm length and 0.7 mm width. The position of the nozzle tip can be 
adjusted with respect to the wheel surface so that the molten alloy was perpendicularly 
ejected onto the wheel surface from a distance of about 0.3 mm. An overpressure of about 
250 mbar of 99.9% pure argon was applied from an external reservoir. The temperature 
was monitored by an external two-color pyrometer from the upper surface of the molten 
alloy through a quartz window. The molten alloys were ejected at a temperature about 150 
- 250 K above the melting point of each alloy. A dc servo-motor with a specially built 
control system allows a precise control of the tangential velocity of the wheel. The used 
velocity was 24 m/s. The cast ribbon, which detached from the wheel surface during the 
melt spinning, was guided towards a collecting box placed near the melt spinner in the 
direction in which the copper wheel is rotating. All working parameters (wheel velocity, 
ejection overpressure, distance between nozzle and the wheel, ejection temperature) were 
very precisely controlled. 
 
3RZGHUPHWDOOXUJ\
 The powder metallurgical route was employed in order to obtain bulk amorphous 
alloys with larger geometrical dimensions than those achievable by copper mold casting 
[Sch01]. The experimental procedure consisted in principal of two steps: in the first step, 
the amorphous ribbons or flakes produced by melt spinning were milled in a planetary ball 
mill until complete conversion to powder. The second step was the hot pressing of these 
powders. 
 The amorphous ribbons produced by melt spinning were cut in small pieces of 
about 1 cm length and were introduced into hardened stainless steel milling vials. The vials 
were also charged with 10 mm diameter hardened steel balls to give a ball-to-flakes mass 
ratio of about 15:1. For a typical batch of about 25 g of flakes, 90 balls were used. The 
sample handling was performed in a glove box under a purified argon atmosphere (< 1 
ppm O2 and H2O). The milling was performed in a RETSCH PM 4000 planetary ball mill. 
While operating, the rotation of the supporting disc is accompanied by a rotation of the 
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vials around their own axes in the opposite direction. The trajectory of the balls during 
such complex rotating motions is schematically illustrated in Fig. 2.3. 
 The rotational velocity of the supporting disc, which can be considered as a rough 
estimate of the milling intensity, can be controlled and kept constant between 30 and 400 
revolutions per minute (RPM). In this work, the milling experiments were done for three 
different velocities, 200, 250, and 300 RPM, respectively, while keeping the milling time 
constant (3 hours). 
 
 
Rotation of the 
supporting disc
Rotation of 
the vial
 
Fig. 2.3     The ball motion inside the vials during milling. 
 
 
 An unaxial hydraulic press was used to carry out powder consolidation experiments 
in a controlled atmosphere, in order to produce bulk glassy samples from the as-milled 
amorphous powders. The press was equipped with a 10 mm inner diameter Ni-based 
superalloy die and an induction coil wound around the die. A thermocouple fixed in a 
dedicated cavity within the die ensured a permanent monitoring of the operating 
temperature. Typical consolidation experiments were performed in a vacuum of 10-3 mbar, 
with a constant load of about 500 MPa. The samples were held isothermally in the press 
under the applied load for 2 min. The compacting temperature was chosen to be in the 
temperature range of the supercooled liquid region. The resulting compacted samples were 
discs with 10 mm diameter and about 3 mm thickness. 
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$QDO\VLVWHFKQLTXHV
 
&KHPLFDODQDO\VLV
 Oxygen contamination and composition deviations due to the evaporation of some 
elements during the melting processes were carefully checked in the Chemical Analysis 
Group of the IFW Dresden. 
The oxygen analysis was performed by Dr. W. Gruner applying the carrier gas-hot 
extraction method, using a LECO USA TC-436 DR analyzer. Samples with a mass of 50 
mg were cut and carefully etched for 5 min in a solution of absolute ethanol with 10 vol.% 
of concentrated HNO3 acid to remove the oxygen surface contamination, which occurs 
during cutting. The method consists of melting and heating the samples to temperatures of 
about 2500 oC in a resistively heated furnace using graphite crucibles. At this state, the 
oxygen contained in the molten sample is reduced in the neighborhood of the crucible wall 
by reaction with the carbon atoms, which diffuse from the graphite crucible into the 
sample. In this way, carbon monoxide forms, which is then extracted and carried away 
from the reaction area by a continuous helium gas flow. The gas mixture is analyzed by 
infrared radiation absorption to detect and quantify the carbon monoxide. The absolute 
error of this method is about ± 0.01 at.%. The oxygen content was checked for the pre-
alloys, as well as for the final master alloys and the cast amorphous samples. 
The FeC pre-alloy was also investigated by Dr. W. Gruner. The carbon content was 
measured by a combustion method using a LECO USA CS 244 analyzer. Two different 
measurements were used in order to distinguish between the mean carbon concentration 
and the amount of unalloyed graphite. The first method consists of melting and heating the 
alloy to a high temperature (700 to 2700 oC) in a continuous flux of oxygen. The carbon 
contained in the molten sample is oxidized and carbon dioxide is formed in the strongly 
oxidizing atmosphere. The released carbon dioxide is transported by the oxygen gas flow 
to be analyzed and quantified by infrared absorption. 
To determine the amount of possibly unalloyed graphite, the samples were subjected 
to a selective chemical dissolution in an acid mixture of concentrated HNO3 and HF. The 
unreacted rests, which are supposed to consist of graphite, were filtered and analyzed by 
the combustion method described above. 
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The elemental composition was evaluated in order to find the actual composition of 
the FeP pre-alloy. In order to minimize the errors due to the evaporation of phosphorus, the 
Fe concentration was analyzed and the P content was calculated as the difference between 
100 % and the Fe and the O content. The analysis was performed by Dr. J. Acker, using 
spectrophotometry. A CARL ZEISS Specord M 500 Spectrophotometer was used. In this 
case, the master alloy was dissolved in acid and the solution was mixed with an excess of 
reagent, which forms a colored reaction product with the initial solution. The light 
absorption of the colored solution is measured in a cuvette using ultraviolet or visible 
radiation of a defined wavelength. The absorption is proportional to the concentration of 
the dissolved element. 
 
7KHUPDODQDO\VLV
A computer-controlled differential scanning calorimeter (NETZSCH DSC 404) was 
used in order to determine glass transition, crystallization and melting points of the 
investigated alloys. The DSC measures temperatures and heat flows associated with 
thermal transitions in a material. The DSC 404, sketched in Fig. 2.4, is a heat flux DSC and 
the instrument signal is derived from the temperature difference between sample and 
reference at the same heat input. The device contains two small crucibles (pans), which sit 
on a small slab of material with a known (calibrated) heat resistance .. The temperature of 
the calorimeter is raised linearly with time (scanned), i.e. the heating rate G7GW   is kept 
constant. 
The heat flows into the two pans by conduction. The flow of heat into the sample is 
larger because of its heat capacity &  . The difference in flow G4GW between sample and 
reference induces a small temperature difference 7 across the slab. This temperature 
difference is measured using thermocouples (see Fig. 2.4). The heat capacity can in 
principle be determined from this signal: 
 
β.&GW
G4.7 ==∆  ,   and thus  β.
7&  ∆=    (2.1) 
 
When a sudden change in the heat capacity occurs (e.g. when the sample melts), the signal 
exhibits a peak. From the integration of this peak the enthalpy of melting can be 
determined, and from its onset the melting temperature. Samples of about 40 mg mass 
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were investigated up to 1300 °C using heating rates of 40, 20 or 10 K/min. DSC 
measurements are carried out in 100 ml/min flow of 99.9999% pure argon. 
 
S R
TS TR
∆T
Heater
 
 
Fig. 2.4  Principle of heat flow DSC: S- sample crucible, R- reference crucible, TS, 
TR- thermocouples, and a typical DSC plot for an Fe65.5Cr4Mo4Ga4P12C5B5.5 
amorphous sample. 
 
The glass transition temperature 7 , the crystallization temperature 7  and the 
liquidus temperature 7     were determined as the onsets of the respective events, using the 
two tangents method (see Fig. 2.4). (For more details see [Spe94]). 
 
;UD\GLIIUDFWLRQ
The X-ray diffraction patterns of the cast samples were recorded in order to identify 
the phases formed upon fast cooling or during heating to elevated temperatures (recording 
LQ VLWX). For these investigations, two methods were used: reflexion and transmission 
configuration, respectively. 
A PHILIPS PW 3020 Bragg-Brentano diffractometer using CoKα (λ = 1.78897 Å) 
radiation was used in the first case. The diffractometer operated at a voltage of 40 kV and a 
current of 40 mA. It was equipped with a secondary graphite monochromator and a sample 
spinner. The samples were prepared by crushing the glassy alloys into small pieces and 
bonded into amorphous resin in order to have a good resolution. The same type of 
preparation was applied for powder samples. The intensities were measured at θ values 
from 20 to 90 degrees with a step size of ∆(θ = 0.025° and 2 s measuring time per step. 
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The X-ray diffraction in transmission configuration, using a high intensity high-
HQHUJ\PRQRFKURPDWLFV\QFKURWURQEHDP  Å) was carried out at the European 
Synchrotron Radiation Facilities (ESRF) in Grenoble, France. Electrons emitted by an 
electron gun are first accelerated in a linear accelerator (linac) and then transmitted to a 
circular accelerator (booster synchrotron) where they are accelerated to reach an energy 
level of 6·109 electron-volts (6 GeV). These high-energy electrons are then injected into a 
large storage ring (844 meters in circumference) where they circulate in an ultra high 
vacuum environment (10-10 mbar) at a constant energy for many hours. A sketch showing 
the synchrotron facilities is presented in Fig. 2.5. 
 
Fig. 2.5     X-ray generation using a synchrotron. 
 
The storage ring includes both straight and curved sections. As they travel around the 
ring, the electrons pass through different types of magnets: bending magnets, undulators 
and focusing magnets. When the electrons pass through the bending magnets, they are 
deflected from their straight path by several degrees. This change in direction causes them 
to emit photons, the synchrotron radiation. The undulators are magnetic structures, made 
up of a complex array of small magnets, forcing the electrons to follow an undulating, or 
wavy, trajectory in the vertical plane. The beams of radiation emitted from the different 
bends overlap and interfere with each other to generate a much more intense beam of 
radiation than that generated by the bending magnets. The focusing magnets, placed in the 
straight sections of the storage ring, are used to focus the electron beam to keep its 
diameter small and well-defined. The small and well-defined electron beam produces the 
Linear accelerator 
(linac) 
Booster synchrotron 
Storage ring 
Beamlines 
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very bright X-ray beam needed for the experiments. A picture showing a part of the storage 
ring is presented in Fig. 2.6. More details can be found in [ESRF]. 
 
 
 
Fig. 2.6     Inside the storage ring (from [ESRF]). 
 
This high intensity beam allows the investigation of samples in transmission and LQ
VLWX during heating and cooling. For these experiments, the cast rods were cut into 15 mm 
long pieces and sealed into fused silica tubes (quartz) under a vacuum of 10-3 mbar. The 
samples were induction-heated with a rate of 2-5 K/s to the melting point, overheated and 
cooled with 20 K/s, i.e. at a cooling rate not sufficient for glass formation, with acquisition 
of X-ray patterns at every 2 s.
 
(OHFWURQPLFURVFRS\
 The structure of the samples was also investigated by electron microscopy, using 
the scanning electron microscope (SEM) at IFW Dresden and the transmission electron 
microscope (TEM) at the University of Seville, Spain. 
Scanning electron microscopy (SEM) investigations were performed using a JEOL 
JSM 6400 microscope. The investigations were carried out with direct assistance of Dr. A. 
Güth. The cylindrical rod samples were cut perpendicularly to the long axis and the 
resulting discs were embedded in a mixture of epoxy resin and graphite powder. Finally, 
the investigated surface was polished with diamond paste with a grain size of 0.25 microns. 
In order to distinguish between the amorphous matrix and eventually present crystalline 
phases, the back-scattered electron (BSE) mode was used. In the case of the hot pressed 
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discs, the geometrical dimensions assured a good electrical contact with the cathode of the 
microscope and only the surface was prepared. The SEM was used also to study the 
surface of the as-fractured samples after compression tests. 
Transmission electron microscopy (TEM) investigations were performed using a 
HITACHI 800 microscope. The investigations were carried out with the help of Prof. Dr. J. 
M. Borrego, who operated the microscope. The samples were cut into slices with a 
thickness of about 0.5 mm. A further mechanical polishing, down to 150 m thickness, 
was done using silicon carbide paper and diamond suspensions. The next thinning process, 
down to 80 m in the middle region, was done using a GATAN dimple grinder. In order to 
obtain the final “transparent” area, a GATAN Precision Ion Polishing System (PIPS) was 
used. The machine operated with two ion guns with 5 kV accelerating voltage and inclined 
at 6 degree from the sample plane. 
 
'HYLFHVXVHGIRUPHFKDQLFDOFKDUDFWHUL]DWLRQ
 
&RPSUHVVLRQWHVWV
 The room temperature stress (σ) versus strain (ε) curves under compression were 
measured for cylindrical and rectangular samples, in the as-cast as well as in the annealed 
state. The investigations were carried out at the Metal Physics Group of the IFW Dresden 
using an INSTRON 8562 device, with the help of H. J. Klauß, who operated the machine. 
The samples were cut in small pieces, with the length being equal to twice the diameter in 
the case of cylinders or twice the diagonal, in the case of bars. The faces perpendicular to 
the longitudinal axis were carefully polished and checked to be parallel. The machine was 
operated in the constant position rate mode, with a displacement of 10-3 mm/s. The 
corresponding strain rate G GW was evaluated as 10-4 s-1. The stress  )6, where ) is the 
applied force and 6 the cross-sectional area, was also automatically calculated. From the  
= f( ) plot the Young’s modulus ( can be calculated, as well as the elastic stress, the 
fracture stress, the elastic strain, the fracture strain, and the elastic and plastic regime. 
 
+DUGQHVVPHDVXUHPHQWV
 The hardness of the amorphous alloys was measured using a computer-controlled 
Struers Duramin 5 Vickers hardness tester. The device is equipped with a typical diamond 
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indenter in the form of a pyramid with square base and an angle of 136 degrees between 
opposite faces. The applied load was 1.96 N for 10 seconds. The diagonal of the imprints 
as well as the hardness were calculated using a Digital Video Measuring System. For the 
indentations, the samples were embedded in epoxy resin and the measured surface was 
carefully polished with a paste containing diamond particles with a diameter smaller than 
0.25 m. The investigated samples were as-cast and annealed rectangular bars. The final 
result is an average of more than 15 measured data. 
 
0DJQHWLFPHDVXUHPHQWV
 
0HDVXUHPHQWRIFRHUFLYLW\
 For measuring the coercivity of the very soft magnetic alloys a DC Förster 
Coercimat was used. Its principle of operation is briefly sketched in Fig. 2.7. 
 
 
 
Fig. 2.7     The principle of the coercimat. 
The magnetizing field was set to 200 kA/m for a magnetizing time of 10 seconds. When 
the sample is magnetized and the main field attains again zero, the sample will have a 
residual magnetization, which causes a stray field proportional to the magnetization. This 
field can be reduced to zero by applying a magnetic field in the opposite direction 
compared to the magnetizing field. If the magnetizing field is in the positive sense, the 
field used to reduce the remanence to zero gives ±+  . The device can change the sense of 
Magnetically 
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Magnetization coil 
Sensor coil 
Sample and 
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Control unit 
Power supply 
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the magnetizing field. This allows to measure the +   also. The absolute value of the 
coercivity is the average of these two values: +   +  	 ±+  
 . 
 
+\VWHUHVLVORRSWUDFHU
 In the case of measurements in low magnetic fields, an in-house designed 
hysteresis loop tracer was used. It consists of a primary cylindrical coil, which can provide 
a maximum DC field of 20 kA/m. A pick-up coil is wound around the sample and this 
system is placed in the middle of the primary coil (see Fig. 2.8). The primary coil is 
connected to an adjustable power source and a fluxmeter integrator measures the induced 
voltage in the pick-up coil. In this way, the reading of the fluxmeter is proportional to the 
induction of the sample. The device is controlled by a computer, which is able to plot the 
induction versus applied field. The main errors that can appear in the case of this 
measurement are due to errors in the measurement of the sample cross section and the 
uncertainly in the estimation of the demagnetizing factor. 
 
 
 
Fig. 2.8 The %+ loop tracer. 
 
In the case of a closed magnetic circuit, e.g. a sample in ring shape with a constant cross-
section, the demagnetizing factor is zero [Osb45]. The primary and the secondary coil are 
wound directly on the sample, in this way making a toroidal transformer, with the primary 
coil plugged to the adjustable power source and the secondary winding to the fluxmeter. 
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9LEUDWLQJVDPSOHPDJQHWRPHWHU
 The Vibrating Sample Magnetometer (VSM) is an instrument designed to 
continuously measure the magnetic properties of materials as a function of temperature and 
field. In this type of magnetometer, the sample is vibrated up and down in a region 
surrounded by several pickup coils (see Fig. 2.9). The magnetic sample is thus acting as a 
time-changing magnetic flux, varying inside a particular region of fixed area. From 
Maxwell’s law it is known that a time-varying magnetic flux is accompanied by an 
electrical field [Kne62] and the field induces a voltage in the pickup coils. This alternating 
voltage signal is processed by a lock-in amplifier, in order to increase the signal to noise 
ratio. The result is a measure of the magnetization of the sample. 
 
 
Power source
Gaussmeter
Controll Unit
Temperature 
controller
 
 
 
Fig. 2.9     The vibrating sample magnetometer. 
 
 Magnetic DC fields up to 20 kOe (µ  + = 2 T) can be applied to the sample with a 
large electromagnet. The field produced by the electromagnet is measured by a Hall probe. 
A cryostat can be inserted to vary the temperature from 77 to 300 K and a resistive furnace 
is available, which allows to heat the sample to 1250 K. The used VSM was provided by 
LakeShore and it is computer-controlled via a 735-type VSM Controller, a 340-type 
temperature controller and a 450-type gaussmeter. 
Vibrating head 
Sample holder 
Sample 
Hall sensor Pickup coils 
Electromagnet 
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7KH)DUDGD\PDJQHWRPHWHU
 In order to determine the Curie temperature, a computer-controlled Faraday 
magnetometer was used (Fig. 2.10). The device consists of a mobile lever, which can rotate 
without friction in an air bearing. One end of the arm contains the sample and it is placed 
between two poles of a permanent magnet which produces a DC magnetic field of about 
0.55 T, i.e. a field high enough to saturate the samples. The poles of the magnet are non-
symmetrical in order to generate a field gradient. In this way, the sample is forced to move 
in that region where the field is higher. The tip with the sample is inserted into a small 
resistive heater, which can assure heating and cooling at constant rates, from room 
temperature to 1000 K. The temperature is measured by a thermocouple, which is in 
contact with the sample. Changes in the sample temperature will modify the value of its 
magnetization, i.e. will modify the force on the sample in the magnetic field gradient, 
which causes a rotation of the mobile arm. 
At the end of the mobile arm, a pair of small coils, which act as positioning sensors, 
is placed. The arm is rigidly mechanically coupled with a coil, which can rotate around a 
permanent magnet and which can be passed by a DC current. This coil is named 
compensation coil, because the rotation of the mobile arm produced by interaction between 
sample and the magnetic field gradient (as was described above) can be counterbalanced 
by adjusting the current which passes through the coil. Thus, the variation of the current is 
proportional to the variation of the magnetization and the computer can automatically 
register the magnetization as a function of temperature. Before the measurements, the 
magnetometer was calibrated by Ni-samples. 
 As was mentioned in paragraph 1.4.2, for temperatures close to 7  , the saturation 
magnetization can be described by [Her89]: 
 
β




−⋅=

 7
7070 1)0()( ,    (2.2) 
 
with the exponent β = 0.36. In order to minimize the errors, the experimental results (Fig. 
2.11.a) were plotted as (0    β versus 7 (Fig. 2.11.b). The Curie temperature was 
considered the temperature were the (0    β deviated from linearity (see the black spot 
from Fig. 2.11.b). 
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Fig. 2.10     Faraday magnetometer. 
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(b) 
Fig. 2.11  Experimental raw data (a) and transformed data (b) used to determine the 
Curie temperature. The data are typical for an Fe65.5Cr4Mo4Ga4P12C5B5.5 
amorphous ribbon. 
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0DJQHWRVWULFWLRQPHDVXUHPHQWV
 For measuring the magnetostriction, two different methods were used. The first 
one, the small-angle magnetization rotation (SAMR) method described by Narita [Nar80], 
is suitable for amorphous ribbons. In the case of bulk samples, the strain gauge method 
was used. 
 In order to cause a small-angle magnetization rotation in the ribbon plane, a small 
amplitude AC drive field +⊥ and a DC bias field + J J , which is high enough to saturate the 
sample, are applied simultaneously perpendicular and parallel to the ribbon axis, 
respectively. A schematic presentation of the principle [Nar80] is shown in Fig. 2.12. The 
magnetization rotation will induce a voltage proportional to the time derivative of the 
ribbon axis component of magnetization in the sensor coil, which is wound around the 
ribbon axis. This voltage is proportional to FRVθ, where θ is the rotation angle between the 
magnetization and the ribbon axis. If the amorphous alloy has an isotropic saturation 
magnetostriction, a tensile stress σ applied along the ribbon axis will induce a uniaxial 
elastic anisotropy. 
 
θ Ribbon Axis
0 K Tensile 
stress σ
DC coil
AC coil
Sensor coil
Drive Field H⊥
Bias Field H L L
 
 
Fig. 2.12     The small-angle magnetization rotation method. 
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The magnetization rotation angle θ can be found by considering the equation for 
the total energy density (, which includes the magnetoelastic energy, and solving it for 
G(Gθ = 0: 
 
( )θθθσλθθ 222 cossin
2
1
sin
2
3
sincos M MNNNNM M 1100+0+( +++−−= ⊥⊥ , (2.3) 
 
from which one gets: 
 
( )O OPPPO O 1100+
+
−++
=
⊥
⊥
/3
sin
σλθ .   (2.4) 
 
Here cos θ  = 1 was assumed, because of the small amplitude of the AC drive field. 0 Q  is 
the saturation magnetization of the sample and 1⊥ and 1R R  are the demagnetizing factors 
perpendicular (in the ribbon plane) and parallel to the ribbon axis, respectively. 
When the tensile stress is modified under the condition of a constant AC drive 
field, the rotation angle changes the value due to a modification of the anisotropy field, 
which results in a change of the voltage induced in the sensor coil. This modification of the 
rotation angle can be compensated by tuning the DC bias field in order to keep the induced 
voltage constant. From equation (2.4) it can be seen that, if the ribbon has a positive 
magnetostriction constant λ Q , the angle θ will decrease upon applying a tensile stress, so 
the induced voltage decreases as well. Consequently, the DC bias field should be decreased 
to keep the induced voltage constant. If a sample with a negative magnetostriction constant 
is placed in the measuring system, the applied tensile stress will increase the rotation angle 
θ, so the DC bias field should also be increased. Thus, the magnetostriction constant Q  can 
be calculated from the slope of the ∆σ vs. ∆+R R : 
 
S
T T
S 0+
σ
λ
∆
∆
=
3
1
.     (2.5) 
 
 The strain gauge method was applied in order to measure the magnetostriction of 
the discs samples. For this, one of the round surfaces of the sample was polished and on 
the polished surface a strain gauge was stuck with a special glue (Fig. 2.13). The samples 
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with the strain gauge were placed between the magnetic poles of an electromagnet, able to 
produce a field up to 0.5 T. When the sample is magnetized, the geometrical dimensions of 
the samples change. This causes a change in the ohmic resistance of the strain gauge 
[Deg04a]. 
 
 
 
Fig. 2.13     Disc sample with a strain gauge on it. 
 
A YOKOGAWA DL 708E 8-channel digital scope, equipped with a bridge head for strain 
gauge measurements, was used to monitor the signal coming from the gauge versus applied 
magnetic field. The sample can be rotated in the applied magnetic field. The 
magnetostriction constant was measured for the strain gauge parallel and perpendicular to 
the field direction. 
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'LIIUDFWLRQH[SHULPHQWVXVLQJ&R. UDGLDWLRQ
 The investigated compositions are of the transition metal-metalloid-type. One of 
the most studied compositions of this type of alloys able to form metallic glasses is 
Fe80B20. By partially substituting Fe with other transition metals and B with other 
metalloids, and respecting the rules proposed by Inoue et al. [Ino00a], it is possible to find 
new compositions suitable for amorphization at relatively low cooling rates. For the 
compositions investigated in this study, the P, C and B content was kept constant (P: 12 
at.%, C: 5 at.% and B: 5.5 at.%) and the ratio between the transition metals was varied. In 
this way, Fe69.5Cr4Mo4P12C5B5.5, Fe67.5Cr4Mo4Ga2P12C5B5.5, Fe65.5Cr4Mo4Ga4P12C5B5.5 and 
Fe71.5Cr2Mo2Ga2P12C5B5.5 alloys were obtained. Ribbons and rods were produced from 
these alloys. 
 
$PRUSKRXVULEERQVDQGFDVWEXONVDPSOHV
In order to check the structure of the samples, the first investigation was X-ray 
diffraction using Co-.  radiation (λ = 0.178897 nm). Figures 3.1, 3.2, 3.3 and 3.4 show 
typical diffraction patterns for various samples and compositions. Generally, the patterns 
only consist of a broad diffraction maximum centred at 2  = 51°, which is characteristic for 
an amorphous phase. However, it is rather difficult to rule out the existence of a small 
volume fraction of nanoscale crystalline precipitates, which may be present in the glassy 
matrix. For example, there are additional diffraction peaks with weak intensity 
superimposed on the broad diffraction maximum of the amorphous phase for the 
Fe65.5Cr4Mo4Ga4P12C5B5.5 cast rod with 3 mm diameter (Fig. 3.1). The 1.5 mm diameter 
Fe67.5Cr4Mo4Ga2P12C5B5.5 rod exhibits the same behavior (see Fig. 3.2). 
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Fig. 3.1   X-ray diffraction patterns of Fe65.5Cr4Mo4Ga4P12C5B5.5 samples. 
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Fig. 3.2   X-ray diffraction patterns of Fe67.5Cr4Mo4Ga2P12C5B5.5 samples. 
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Fig. 3.3   X-ray diffraction patterns of Fe69.5Cr4Mo4P12C5B5.5 samples. 
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In the case of Fe69.5Cr4Mo4P12C5B5.5, the composition without Ga, the number of such 
nanocrystalline inclusions is high enough to produce clear crystalline reflections for the rod 
with 1.5 mm diameter (Fig. 3.3). 
The maximum achievable diameter for which the samples are still fully amorphous 
decreases with decreasing Ga content, i.e. the glass-forming ability deteriorates with 
decreasing Ga content. In the case of Fe71.5Cr2Mo2Ga2P12C5B5.5, it was not possible to cast 
an amorphous rod using the copper mold casting method, even for small diameters. Figure 
3.4 shows the diffraction pattern of a Fe71.5Cr2Mo2Ga2P12C5B5.5 melt-spun ribbon. The 
structural modifications have a deep influence on the properties and it will be described in 
the next chapters. 
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Fig. 3.4   X-ray diffraction pattern of a melt-spun Fe71.5Cr2Mo2Ga2P12C5B5.5 ribbon. 
 
 In order to have a better physical understanding, the wave vector 4, related to the 
wavelength λ and to the scan angle θ  by [Kit53]: 
 
λ
θ
pi
sin4=4 ,      (3.1) 
 
can be calculated. Taking into account the Bragg equation [Kit53] for the first-order 
reflexion: 
 
λθ =sin2G ,      (3.2) 
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where G is the spacing between the atomic planes of the material, the wave vectors 4 
become: 
 
G4
pi2
= .     (3.3) 
 
,Q H[WHQVR, the wave vector depends only on the structure, yielding the same value 
regardless of the used wavelength. 
 For amorphous samples of the composition Fe65.5Cr4Mo4Ga4P12C5B5.5, the first 
broad diffraction maxima are at 2  = 51.5° ± 0.14°, which corresponds to a wave vector 4 
= 30.51 ± 0.08 nm-1. As was already mentioned, in the case of the 3 mm diameter rod (Fig. 
3.1), two crystalline peaks with weak intensity are superimposed on the broad diffraction 
maximum of the amorphous phase. The corresponding values of the wave vector are 30.13 
nm
-1
 and 30.90 nm-1, respectively. The first peak is characteristic of a Fe3C-type structure 
and it is marked in Fig. 3.1 by an open circle. The second peak corresponds to an αFe 
phase with EFF structure and is marked by a black circle (see Fig. 3.1). 
 The amorphous samples of the composition Fe67.5Cr4Mo4Ga2P12C5B5.5 have main 
broad diffraction maxima centred at 2θ = 51.81° ± 0.14°, which corresponds to a wave 
vector 4 = 30.68 ± 0.08 nm-1. The patterns corresponding to the 1.5 mm diameter rod are 
susceptible to contain some crystalline peaks superimposed on the broad maximum (see 
Fig. 3.2), but their intensity is very weak and it is quasi-impossible to determine their right 
position within acceptable errors. This is not the case for the 1.5 mm diameter rod of the 
composition Fe69.5Cr4Mo4P12C5B5.5, where the intensity of the crystalline peaks is higher 
(Fig. 3.3). There the maxima corresponding to the amorphous phase are centred at 2θ = 
51.93° ± 0.08°, which gives for the wave vector the value 4= 30.75 ± 0.05 nm-1. The 
crystalline peaks are situated at 29.05, 30.03, 30.96, 31.47, 32.31, 34.70 and 36.08 nm-1, 
respectively, and correspond to the EFF αFephase, the IFF γFeC phase or to intermetallic 
compounds of the type Fe23(C,B)6, as marked in Fig. 3.3. The peaks with 4 equal to 31.47, 
32.31 and 36.08 nm-1, respectively, cannot be strictly identified. Most probably they 
correspond to some complex intermetallic compounds. 
 The position of the main broad diffraction peak slightly changes with varying 
composition: 4 = 30.51 nm-1 for Fe65.5Cr4Mo4Ga4P12C5B5.5, 4 = 30.68 nm-1 for 
Fe67.5Cr4Mo4Ga2P12C5B5.5, 4 = 30.75 nm-1 for Fe69.5Cr4Mo4P12C5B5.5. For the melt-spun 
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ribbon with the composition Fe71.5Cr2Mo2Ga2P12C5B5.5, which was fully amorphous, 4 = 
30.71 nm-1 (Fig. 3.4). The angular positions of the amorphous peaks depend on the short-
range atomic order of the samples. A better atomic compaction shifts the wave vector 4 
towards higher values [Yav04]. The trend observed for the first three compositions, i.e. the 
increase of the wave vector 4 with increasing Fe content, can be attributed to an atomic 
structure which becomes more packed when the number of Ga atoms decreases and the 
number of Fe atoms increases. This is easy to anticipate, because the atomic radius of Fe is 
smaller than the atomic radius of Ga [ASM92] and the atoms can arrange in a more 
compact structure. 
 In order to prepare a bulk glassy Fe65.5Cr4Mo4Ga4P12C5B5.5 alloy, Shen and 
Schwarz [She99a] used a different route. The alloy was first mechanically alloyed. The 
resulting powder, together with B2O3 as fluxing agent, was subsequently melted under 
vacuum in an induction furnace. After replacing the flux, the ingots were remelted and 
quenched in water. The X-ray diffraction patterns using Cu-.α (λ = 0.15406 nm) radiation 
revealed a fully amorphous structure, with a broad maximum centred at 44°, which gives a 
wave vector 4 = 30.55 nm-1, the same value as for the samples studied here 
(30.51 ± 0.08 nm-1). 
 
3RZGHUVDQGFRPSDFWHGVDPSOHV
 Bulk amorphous samples with larger geometrical dimensions can be obtained using 
the powder metallurgical technique. For that, the amorphous melt-spun ribbons were cut in 
small pieces, ball-milled and hot compacted, as described in the previous chapter. For these 
experiments, the Fe65.5Cr4Mo4Ga4P12C5B5.5 composition was chosen, because it exhibits a 
good glass-forming ability (see paragraph 3.1.1). The rotational velocity of the planetary 
ball mill can be considered as a rough estimate of the milling intensity. In order to study 
the influence of milling conditions, three different velocities were used, while keeping the 
milling time constant (3 hours). The initial ribbons, named R1, R2 and R3, were identically 
from the structural point of view (completely amorphous – see Fig. 3.5). The X-ray 
diffraction experiments performed for the powders (P1, P2 and P3 describe the powders of 
ribbons R1, R2 and R3, which were milled at 200, 250 and 300 RPM, respectively), 
revealed also a fully amorphous structure (Fig. 3.6). The relative densities of the pressed 
pellets were calculated as the ratio between the actual density and the theoretical density 
(7057 kg/m3) of the alloy and were in the range of 75-80%. 
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Fig. 3.5   XRD patterns corresponding to amorphous Fe65.5Cr4Mo4Ga4P12C5B5.5 ribbons 
before milling. 
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Fig.3.6   XRD patterns of powders prepared by milling Fe65.5Cr4Mo4Ga4P12C5B5.5 
ribbons: P1 at 200 RPM, P2 at 250 RPM and P3 at 300 RPM. 
 
 The broad maxima, characteristic for an amorphous phase, are centred at 2θ = 51.5° 
(4 = 30.51 nm-1) in the case of melt-spun ribbons. Upon milling, the maxima are shifted 
towards higher values: 4 = 30.58 nm-1 for powder P1, 30.59 nm-1 for powder P2 and 30.62 
nm
-1
 for powder P3, respectively. As was recently published [Yav04, Haj04], the higher 
values of 4 can be attributed to an increase free volume content. The amount of free 
volume, which is generated upon milling, is proportional to the milling intensity: the 
higher the velocity, the more the excess free volume. This agrees well with a free-volume 
generation during heterogeneous plastic deformation of metallic glasses [Heg04]. 
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'LIIUDFWLRQH[SHULPHQWVXVLQJV\QFKURWURQUDGLDWLRQ
 
 The coexistence of a small volume fraction of nanoscale crystalline inclusions in 
the amorphous matrix can be successfully revealed by X-ray diffraction in transmission 
configuration using high intensity high-energy monochromatic synchrotron radiation. The 
preparation of the samples and the geometrical set-up were in detail described in Chapter 
2. The diffraction angles are smaller because the wavelength of the beam (λ = 0.01304 nm) 
is one order of magnitude smaller than in the case of standard X-ray sources used in Bragg-
Brentano diffractometers. The diffraction patterns are plotted directly in 4-space, where 4 
is the wave vector, as was described in paragraph 3.1.1. 
 
$VFDVWEXONVDPSOHV
The structure of a cast disc-shape Fe65.5Cr4Mo4Ga4P12C5B5.5 sample with 10 mm 
diameter and 1 mm thickness was investigated using X-ray diffraction in transmission 
configuration. Figure 3.7 shows the diffraction image taken by the two-dimensional 
detector and Fig. 3.8 presents the corresponding XRD patterns. It is seen that the disc is 
fully amorphous, with no trace of Bragg peaks from crystalline phases. 
 
 
Fig. 3.7   High-energy synchrotron diffraction image of the as-cast 
Fe65.5Cr4Mo4Ga4P12C5B5.5 disc. 
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Fig. 3.8   Corresponding X-ray diffraction patterns of as-cast Fe65.5Cr4Mo4Ga4P12C5B5.5 
disc, obtained by integration of the diffraction image presented in Fig. 3.7. 
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Fig. 3.9   Comparison between a fully amorphous sample (rod φ 1.5mm) and a sample 
with nanocrystalline inclusions (rod φ 3 mm). 
 
 Figure 3.9 presents a comparison of the diffraction patterns obtained for a fully 
amorphous Fe65.5Cr4Mo4Ga4P12C5B5.5 sample (rod with 1.5 mm diameter), and one with 
some crystalline inclusions (3 mm diameter rod). The fully amorphous sample exhibits 
only two broad diffraction maxima centred around 31 nm-1 and 53 nm-1. The first peak 
centred around 15 nm-1 stems from the sample holder. In contrast, the XRD pattern for the 
3 mm diameter rod clearly shows crystalline diffraction peaks at 43.9, 51.6, 53.1, 56.8, 
59.5, 61.9 and 68.9 nm-1. This proves the presence of crystalline precipitates in this sample. 
The peaks with wave vectors 4 of 43.9, 53.1, 61.9, 68.9 nm-1 correspond to an Fe phase 
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with EFF structure, marked in Fig. 3.9 by black circles. The peaks at 51.6, 56.8 and 59.5 
nm
-1
 are characteristic of a )H  &–type structure (marked in Fig. 3.9 by open circles). 
The crystals can form by primary precipitation from the melt upon cooling. Figure 
3.10 shows XRD patterns recorded in transmission geometry for the same sample, i.e. for 
the rod with 3 mm diameter, at different temperatures. At room temperature the XRD 
pattern is the same as presented in Fig. 3.9. At 1448 K the alloy is completely melted and 
the pattern just shows the broad maxima characteristic for the liquid state. In fact, at this 
temperature the alloy is overheated by 102 K above the melting point (1346 K). During 
subsequent cooling, at 1313 K, where the alloy is still melted according to the DSC data, 
(discussed in the next subchapter), the same crystalline Fe3C-type phase, as was found in 
the as-cast state, appears. 
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Fig. 3.10   X-ray diffraction patterns for the Fe65.5Cr4Mo4Ga4P12C5B5.5 rod with 3mm 
diameter at different temperatures: at room temperature in the as-cast state, 
after heating at 1448 K and after subsequent cooling at 1313 K. 
 
&U\VWDOOL]DWLRQEHKDYLRU
 The crystallization behavior recorded LQVLWX using XRD in transmission 
configuration for the as-cast Fe65.5Cr4Mo4Ga4P12C5B5.5 rod with 2.5 mm diameter is shown 
in Fig. 3.11. The sample was heated inductively with a constant rate of 5 K/s and cooled 
with 20 K/s, i.e. a cooling rate, which is too low to retain the amorphous structure [Ino00a]. 
The successive patterns correspond to different temperatures, starting from the amorphous 
phase at room temperature (Fig. 3.11, curve (a)), the material crystallized above 7  (b), 
melted (c), overheated (d) and crystallized after fast cooling (e). 
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Fig. 3.11   Crystallization behavior recorded LQVLWX for an Fe65.5Cr4Mo4Ga4P12C5B5.5 as-
cast rod with 2.5 mm diameter: (a) the amorphous as-cast state at room 
temperature, (b) crystalline at 1013 K, (c) melted at 1273 K, (d) overheated 
at 1488 K and (e) crystalline after cooling. 
 
At 1013 K (curve (b)) the sample is completely crystalline and the peaks correspond to EFF 
α-Fe, IFF γ-Fe, an Fe3C-type phase and to intermetallic compounds of the type Fe23(C,B)6 
or Fe3(B0.7C0.3). At 1273 K, i.e. a temperature higher than the α-Fe – γ-Fe transition 
temperature, the peaks corresponding to IFF γ-Fe and the intermetallic compounds prevail 
(curve (c)). At 1488 K the crystalline structure disappears completely and all the 
clusters/inclusions are completely melted (curve (d)). Curve (e) (Fig. 3.11) corresponds to 
the crystalline state formed after cooling. The pattern is similar to that shown in curve (c), 
and corresponds mainly to the IFF γ-Fe phase and intermetallic Fe23(C,B)6. The presence of 
IFF γ-Fe at room temperature can be due to the retention of the austenitic phase by carbon 
and by the presence of intermetallic compounds. (For simplicity, the peaks corresponding 
to the wave vectors 4 for the Fe3C-type structure are not marked in this figure). 
 
7KHUPDOVWDELOLW\LQYHVWLJDWLRQV
 
$PRUSKRXVULEERQVDQGEXONFDVWVDPSOHV
 The influence of the composition on the glass-forming ability and thermal stability 
can be evaluated from thermal stability measurements. For all the samples, the DSC scans 
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show a glass transition followed by a supercooled liquid region and crystallization. Typical 
DSC traces at 40 K/min heating rate for the amorphous Fe65.5Cr4Mo4Ga4P12C5B5.5 alloy as 
an example are shown in Fig. 3.12. The characteristic temperatures were measured as the 
onset of the events (glass transition, crystallization and melting, respectively) upon heating 
with a constant rate, as described in section 2.2.2. The values for 7" , 7  and the liquidus 
temperature 7 # $ %  as a function of composition and geometrical dimensions of the as-cast 
samples, measured at the same heating rate of 40 K/min, are given in Table 3.1. Using 
these values the extension of the supercooled liquid region 7  and the reduced glass 
transition temperatures 7 & "  = 7" 7 # $ %  [Tur69] were calculated. Recently, Lu HW DO. [Lu02, 
Lu03a] proposed a new parameter γ, defined as 7 7" 7 # $ % , to predict GFA for various 
glass-forming systems. Usually, the γ values of BMGs range between 0.35 and 0.50 
[Lu02]. 
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Fig. 3.12   Typical DSC traces for amorphous Fe65.5Cr4Mo4Ga4P12C5B5.5 ribbon and rod 
samples showing the glass transition and crystallization events (heating rate 
40 K/min). 
 
 The glass transition temperature and the crystallization temperature slowly increase 
with increasing rod diameter in the case of Fe65.5Cr4Mo4Ga4P12C5B5.5 and remain almost 
constant for Fe67.5Cr4Mo4Ga2P12C5B5.5 and Fe69.5Cr4Mo4P12C5B5.5. The differences in 
thermal stability between rods with different diameters and melt-spun ribbons of the same 
composition are caused by a different degree of relaxation as a result of the different 
cooling rates reached during solidification. 
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Table 3.1 Glass transition temperatures 7" , crystallization temperatures 7  and liquidus 
temperatures 7 # $ % , as well as reduced glass transition temperatures 7& "  7" 7 # $ % , 
γ
 parameter, extension of the supercooled liquid region 7  and crystallization 
enthalpy ∆+  for as-cast Fe77.5-x-y-zCrxMoyGazP12C5B5.5 glassy alloys measured 
at 40 K/min heating rate. 
 
(x,y,z) (4, 4, 4) (4, 4, 2) (4, 4, 0) (2, 2, 2) 
sample ribbon rod 
φ1.5 
rod 
φ2 
rod 
φ2.5 
rod 
φ3 
ribbon rod 
φ1.5 
rod 
φ2 
ribbon rod 
φ1.5 
ribbon 
7"  (K) 741 746 749 750 751 752 755 753 747 747 736 
7  (K) 807 812 814 814 815 811 811 811 794 794 781 
7 # $ %  (K) 1350 1344 1347 1346 1346 1321 1321 1321 1336 1336 1337 
7" 7 # $ %  0.55 0.55 0.55 0.55 0.55 0.57 0.57 0.57 0.56 0.56 0.55 
γ 0.386 0.388 0.388 0.388 0.388 0.391 0.39 0.391 0.381 0.381 0.376 
7  (K) 66 66 65 64 64 59 56 58 47 47 45 
∆+  
(J/g) 67.6 69.6 67.8 65.1 56.1 45.7 49.5 51.4 37.7 40.3 52.5 
 
Another reason can be a variation in composition of the glasses obtained by the different 
synthesis routes. Such compositional variations may arise if at least the rods with larger 
diameters are not fully amorphous but contain some crystalline phase(s), which may form 
(i)- due to a possible appearance of crystalline nuclei in the liquid state, or (ii)- due to an 
insufficient cooling rate for complete glass formation upon casting. These hypotheses 
agree well with the conclusions drawn from the XRD patterns. Some crystalline inclusions 
can form from the molten state, as was presented in Fig. 3.10. Upon casting, the already 
crystalline clusters may or may not act like seeds for further nucleation, as discussed in 
Chapter 1. The composition of the remaining matrix is slightly different from the starting 
overall composition and this can modify the thermal stability data. Concerning the second 
hypothesis, the cooling rate decreases with increasing diameter of the cast rods and thus 
the maximum achievable diameter for which the sample is still amorphous is limited. 
Hence, the rod most susceptible to contain some crystalline inclusions should be the rod 
with the largest diameter. This is not the case, as shown in Fig. 3.2, where the 
Fe67.5Cr4Mo4Ga2P12C5B5.5 rod with 2 mm diameter is fully amorphous but a sample with 
smaller diameter exhibits some weak crystalline peaks in the X-ray pattern. This can be 
explained by assuming that some crystals are present in the melt prior to casting (they can 
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appear because of an insufficient overheating, for example) and upon casting they remain 
as frozen clusters in the amorphous matrix. 
 For bulk amorphous Fe65.5Cr4Mo4Ga4P12C5B5.5 rods prepared by flux-
melting/water-quenching technique, T.D. Shen and R.B. Schwarz [She99a] found 723 K 
for the glass transition temperature and 785 K for the crystallization temperature. The 
reduced glass transition temperature was equal to 0.58. The glass transition temperatures, 
as well as the crystallization temperatures for samples studied here are with about 25 K 
higher than those reported [She99a], indicating a better thermal stability. Meanwhile, the 
reduced glass transition temperature of around 0.6 is characteristic for good glass forming 
systems. It is, however, in the lower limit when compared with the ratio 0.57–0.72 
measured in the (Pd,Ni,Cu)80P20 and (Pd,Ni,Fe)80P20 glass systems, which are two of the 
best glass forming systems known [Sch97a, He98, She99b]. 
 The crystallization enthalpy ∆+  is almost constant among the samples with the 
same composition, but a small decreasing with increasing rod diameter can be observed. 
This can also be an indication that the rods with larger diameters are susceptible to contain 
some frozen-in crystalline nuclei. However, the differences between the values are 
relatively small and within the measurement errors. It was shown previously that, 
regardless of composition, the ribbons are completely amorphous (Fig. 3.1 – 3.4). 
Consequently, from the samples of the same composition, the ribbons should have the 
highest crystallization enthalpy [Tur69]. The ∆+  values measured for ribbons are 3 – 5 % 
lower than those measured for bulk samples. This can be explained by the presence of 
some oxides on the free surface of the ribbons. 
Lu HWDO [Lu02] linked the new dimensionless γ parameter to the critical cooling 
rate 5 )  as well as to a critical cross section = )  by studying the data available in literature for 
representative non-ferrous BMGs. The proposed relationships are: 
 
( )γ⋅−⋅= 19.117exp101.5 21*5 ,    (3.4) 
 
and 
 
( )γ⋅⋅= − 70.41exp1080.2 7+= ,    (3.5) 
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respectively, where 5 )  is in K/s and = )  in mm. Using equations (3.4) and (3.5) and the 
thermal stability data summarized in Table 3.1, the critical cooling rate and maximum 
achievable diameter for each sample and composition were calculated (Table 3.2). 
 
Table 3.2 γ parameter, as well as critical cooling rate 5 )  and critical thickness = )  
(calculated using equations (3.4) and (3.5), respectively) for as-cast  
Fe77.5-x-y-zCrxMoyGazP12C5B5.5 glassy alloys. 
 
(x,y,z) (4, 4, 4) (4, 4, 2) (4, 4, 0) (2, 2, 2) 
sample ribbon rod 
φ1.5 
rod 
φ2 
rod 
φ2.5 
rod 
φ3 
ribbon rod 
φ1.5 
rod 
φ2 
ribbon rod 
φ1.5 
ribbon 
γ 0.386 0.388 0.388 0.388 0.388 0.391 0.39 0.391 0.381 0.381 0.376 
5 )  (K/s) 115 91 91 91 91 64 72 64 207 207 372 
= )  
(mm) 2.7 2.9 2.9 2.9 2.9 3.3 3.2 3.3 2.2 2.2 1.8 
 
 According to the data presented in Figs. 1.6 and 1.7 [Ino00a], the Fe-based BMGs 
of the composition Fe-Cr-Mo-Ga-P-C-B should achieve a thickness of a few mm and the 
critical cooling rate is of the order of hundreds K/s. The calculated values (Table 3.2) are 
somehow lower, but because equation (3.4) and (3.5) were deduced experimentally using 
the data available in literature for non-ferrous BMGs, the errors are acceptable. More 
erroneous is the trend of the calculated data for Fe65.5Cr4Mo4Ga4P12C5B5.5 and 
Fe67.5Cr4Mo4Ga2P12C5B5.5 compositions, which is in opposition to the behavior observed 
experimentally and with the trend of the extension of the supercooled liquid region ∆7 . 
From the casting procedure it is deduced that the glass-forming ability decreases with 
increasing Fe content. The increase of the γ parameter, which leads to a decrease critical 
cooling rate and to an increasing maximal achievable diameter, should indicate a better 
glass-forming ability [Lu02]. Furtheron, the γ parameter corresponding to the amorphous 
samples of compositions Fe69.5Cr4Mo4P12C5B5.5 and Fe71.5Cr2Mo2Ga2P12C5B5.5 decreases, 
i.e. the glass-forming ability deteriorates with increasing Fe-content. 
 The extension of the supercooled liquid region decreases with increasing iron 
content (see Fig. 3.13). For an iron content of 65.6 at.%, 7  is around 66 K. For the 
Fe67.5Cr4Mo4Ga2P12C5B5.5 amorphous alloy it decreases to ~59 K, for 
Fe69.5Cr4Mo4P12C5B5.5 to 47 K and for Fe71.5.5Cr2Mo2Ga2P12C5B5.5 7  reaches only 45 K. 
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In contrast to 7 , the reduced glass transition temperature 7& "  = 7" 7 # $ %  remains almost 
constant for all studied compositions. 
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Fig. 3.13  Extension of the supercooled liquid region ∆71  and the reduced glass 
transition temperature 7243  73 7 5 6 7  as a function of iron content. In order to 
compare samples with the same geometry, only the data corresponding to 
amorphous ribbons were considered. 
 
 In order to have data for further annealing experiments, the 
Fe65.5Cr4Mo4Ga4P12C5B5.5 cast discs were investigated at various heating and cooling rates: 
40, 20 and 5 K/min, respectively. The corresponding data are summarized in Table 3.3. The 
peak temperature 78  is the temperature corresponding to the exothermic peak of 
crystallization. It can be seen that 73  and 78  are shifted to lower temperatures with 
decreasing heating rate. The effective activation energy ( 9  for crystallization can be 
evaluated by means of the Kissinger equation [Kis57]: 
 
.ln 2 &RQVW57
(
7 +−=
φ
     (3.6) 
 
where φ is the heating rate, 5 is the gas constant and 7 stands for the crystallization peak 
temperature. By plotting OQφ7:  vs. 7, an approximately straight line is obtained, as 
shown in Fig. 3.14. The value of the activation energy can be calculated from the slope of 
the straight line. In the case presented in Fig. 3.14, ( 9  = 283 kJ/mol. 
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Table 3.3 Glass transition temperatures 73 , crystallization temperatures 71 , peak 
temperatures 78 , and the extension of the supercooled liquid region 71  for as-
cast Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy discs measured at different heating rates. 
 
Heating rate 73  (K) 71  (K) 78  (K) ∆71  (K) 
40 K/min 760 821 824 61 
20 K/min 750 809 814 59 
5 K/min 727 783 787 56 
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Fig. 3.14 
 
Plot of OQφ7 :  vs. 7 corresponding to the crystallization peak temperature 
of the Fe65.5Cr4Mo4Ga4P12C5B5.5 cast discs, from which the activation energy 
for crystallization was calculated. 
 
The activation energy calculated for crystallization is, for example, of the same 
order as for Zr55Cu30Al10Ni5 (230 kJ/mol) [Liu02]. For amorphous 
Fe40Co40Cu0.5Al2Zr9Si4B4.5 and Fe62Co9.5Gd3.5Si10B15 alloys [Mit03], which were found to 
crystallize in several steps, Mitra HW DO. calculated for the first crystallization event an 
activation energy of 317 kJ/mol and 525 kJ/mol, respectively [Mit03]. A higher value of 
activation energy implies a higher thermal stability [Liu02]. 
 Among the samples with Fe65.5Cr4Mo4Ga4P12C5B5.5 composition, the cast discs 
show the highest glass transition temperature and the highest crystallization temperature 
while the extension of the supercooled liquid region is almost constant (Table 3.1, 3.3). 
This suggests that the best thermal stability is achieved by the disc-shaped samples. 
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$PRUSKRXVSRZGHUV
 The powders prepared by ball milling of amorphous Fe65.5Cr4Mo4Ga4P12C5B5.5 
ribbons were also checked by DSC, at 20 K/min heating rate. Figure 3.15 shows the plots 
for the powders P1, P2 and P3. As was mentioned in paragraph 3.1.2, P1 is the powder 
milled at 200 RPM, P2- milled at 250 RPM and P3- milled at 300 RPM. The milling time 
was the same for each sample, i.e. 3 h. 
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Fig. 3.15  DSC plots for as-milled Fe65.5Cr4Mo4Ga4P12C5B5.5 amorphous powders 
measured at 20 K/min heating rate. 
 
Table 3.4 Glass transition temperature 73 , crystallization temperature 71 , extension of the 
supercooled liquid region 71  and crystallization enthalpy ∆+1  for as-milled 
powders and ribbons, measured at 20 K/min heating rate The milling velocity of 
powders P1, P2 and P3 is also indicated. 
 
Samples Milling velocity 73 [K] 71 [K] 71  [K] ∆+1  (J/g)
P1 200 RPM 746 812 66 46.0 
P2 250 RPM 743 807 64 39.8 
P3 300 RPM 733 804 71 39.0 
Ribbons – 741 807 66 67.6 
 
 The glass transition temperature 73 , the crystallization temperature 71  and the 
extension of the supercooled liquid region 71  for the as-milled powders are summarized in 
Table 3.4. For comparison, in the same table the data corresponding to the amorphous 
ribbons used as precursors are also presented. The initial ribbons, named R1, R2 and R3, 
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were identically from the structural point of view (presented in paragraph 3.1.2) and 
showed the same thermal behavior. For the ribbons, the supercooled liquid region is about 
66 K whereas for the powders it varies between 66 and 71 K. The enhancement of the 
oxygen content upon ball milling usually promotes the crystallization of the powder at 
lower temperature [Eck99]. The oxygen content increases upon increasing milling velocity 
[Eck99]. This explains the decrease of the crystallization temperature with increasing 
milling velocity: 812 K for powder P1, 807 K for powder P2 and 804 K for powder P3. 
In comparison with the ribbons, the crystallization temperatures and the glass 
transition temperatures of the powders are higher. This can be explained by the mechanical 
stress and structural modifications induced by the milling procedure [Heg04]. Furthermore, 
a slight modification in the actual composition due to the debris resulting from the stainless 
steel balls and vials, i.e. enhancing the Fe content, may have changed the crystallization 
behavior. The crystallization enthalpy ∆+x for milled powders is lower in comparison to the 
values measured for ribbons and slightly depends on the milling velocities. The decrease of 
the crystallization enthalpy can be attributed to a formation of some nanocrystals in the 
milled powders (not observed in the X-ray diffraction patterns, as was shown in Fig. 3.6) 
or, most probably, to the enhancement of the oxygen content. The changes upon milling of 
the values corresponding to the glass transition temperature 73 , the crystallization 
temperature 71 , or the extension of the supercooled liquid region 71  are in the same range 
as other known data. For example, Degmova HW DO. [Deg02] observed a decrease of the 
crystallization temperature of 4 K in the powders obtained upon ball milling of 
Fe77Al2.14Ga0.86P8.4C5B4Si2.6 amorphous ribbons, whereas the glass transition occurred at 
the same temperature. They also observed a doubled oxygen content: from 400 ppm for 
ribbons to 800 ppm for powders. 
 
$GGLWLRQDOVWXGLHVRIWKHPLFURVWUXFWXUH
 The X-ray diffraction experiments in reflexion or in transmission configuration, as 
well as the DSC measurements, give important information about the alloy structure and its 
thermal stability. But, the extrinsic properties of a new alloy with a special structure cannot 
be really understood without having an image of the microstructure. In order to obtain that 
information electron microscopy was employed. 
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6(0LQYHVWLJDWLRQV
 For a fully amorphous sample, a SEM micrograph taken in back scattering mode 
(BSE = back scattered electrons, i.e. contrast of composition) shows just a featureless 
image, without any contrast characteristic for phase separation or crystals. The situation 
changes if some microcrystals are present in the amorphous matrix. Figure 3.14 (a) shows a 
view of the cross-section of the Fe65.5Cr4Mo4Ga4P12C5B5.5 3 mm diameter rod. The 
coexistence of amorphous and crystalline phase(s) can be seen. The amorphous matrix 
corresponds to the light grey part of the micrograph. Besides, there are present a few 
inclusions, as well as a region, which is coloured dark grey, corresponding to crystalline 
phase(s). The interface between amorphous and crystalline regions is more clearly seen in 
the upper left corner of Fig. 3.16 (b), which shows the same sample at higher 
magnification. The crystalline inclusions exhibit a dendritic structure, with dendrites of 
about 60- P WRWDO OHQJWK DQG -15 µm long arms. The dendrites appeared most 
probably as a result of a homogeneous nucleation due by insufficient cooling of the melt 
because of the large sample diameter. In order to detect the composition of the dendrites, 
EDX (energy dispersive X-ray) analysis was used. The analysis revealed the presence of all 
elements with an enrichment of phosphorus in the dendrite arms. This type of analysis 
cannot detect the content of the light elements, as boron and carbon. 
 
 
 
Fig. 3.16   SEM micrographs of an as-cast Fe65.5Cr4Mo4Ga4P12C5B5.5 rod with 3 mm 
diameter: (a) overview, (b) detail. 
Am. = amorphous zone, Cryst. = crystalline zone. 
 
 The as-cast Fe65.5Cr4Mo4Ga4P12C5B5.5 amorphous discs were also investigated by 
SEM. In most of the cases the discs were fully amorphous, but some samples exhibited 
similar features as the 3 mm diameter rod (presented in Fig. 3.16) on the surface. Figures 
3.17 (a), (b) and (c) show SEM micrographs of the non-polished surface of such disc 
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samples: the presence of dendrites is clearly visible. The dendrite arms are shorter than 
10 µm, i.e. much shorter than those observed in Fig. 3.16 (b). This indicates a higher 
cooling rate achieved by disc samples in comparison to the rods with 3 mm diameter. The 
dendrites disappear upon mechanical grinding/polishing the surfaces (Fig. 3.17 (d)), 
indicating that they are present only in a thin layer on the sample surface. 
 
 
 
 
 
 
 
Fig. 3.17  SEM micrographs showing an Fe65.5Cr4Mo4Ga4P12C5B5.5 disc sample: (a) 
overview of the as-cast surface, (b) and (c) details at higher magnification, 
(d) the same surface after polishing. The uniform light grey part corresponds 
to the amorphous matrix. 
 
In this case the insufficient cooling, which allowed the growing of such crystalline 
structures, is only locally and it is due to a bad thermal contact between the molten alloy 
and the copper mold (e.g. the existence of some Cu-oxides on the copper mold surface). 
The presence of crystalline inclusions in the amorphous matrix influences both the 
mechanical and the magnetic properties, as will be discussed in Chapters 4 and 5. In the 
case of bulk pressed pellets, the values of the relative density, which reflect the compaction 
ratio, were relative close: 80% for the first one (obtained by hot pressing the powder P1), 
79% for the second (P2) and 77% for the third (P3). For this reason, the SEM micrographs 
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taken in SEI mode (topological contrast) look similar for all pressed samples. Figure 3.18 
shows a micrograph of the as-compacted sample P3. Figure 3.19 presents the same surface 
as the one shown in Fig. 3.18 at a higher magnification, in (a)- SEI mode and (b)- BSE 
mode. 
 
 
Fig. 3.18   SEM micrograph showing the cross-section of the as-compacted sample P3 
(Fe65.5Cr4Mo4Ga4P12C5B5.5) 
 
 
 
Fig. 3.19   SEM micrographs at higher magnification showing the cross section of the 
P3 sample: (a) SEI mode and (b) BSE mode. The white areas between grains 
in (a) are imaging artefacts due by topological contrast. 
 
The compacted samples consist of an agglomeration of randomly distributed grains 
with various shapes and sizes betweeQDQG P7KHJUDLQV ORRNDPRUSKRXVDW WKLV
scale- no contrast due to different phase(s) is present (Fig. 3.19 (b)). 
The compacting temperatures were chosen to be in the temperature range of the 
supercooled liquid region corresponding to each powder. Above the glass transition the 
viscosity starts to decrease [Tur69]. The diminution of the viscosity in the supercooled 
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liquid state allows to consolidate dense bulk samples because of the easy deformation and 
working processes in this region [Sch98, Wei00]. 
The size of the powder particles is milling intensity dependent, i.e. the milling at 
higher rotational velocity will produce particles with smaller size. The relative density of 
the compacted Fe65.5Cr4Mo4Ga4P12C5B5.5 samples is higher when the size of the powder 
particles is higher (80 % for powder milled at 200 RPM, 79 % for powder milled at 250 
RPM and 77 % for powder milled at 300 RPM). A similar behavior was observed for 
compacted Fe77Al2.14Ga0.86P8.4C5B4Si2.6 bulk glassy samples [Deg04a]. This dependence of 
the relative density on particle size is due to the viscous flow occurring in the supercooled 
liquid region [Tur69] when they are subjected to an applied force. 
 
7(0LQYHVWLJDWLRQV
 Transmission electron microscopy was used to investigate the structure of the as-
cast samples, as well as the modifications, which arise from annealing at elevated 
temperatures. The investigated samples were taken from a glassy cast disc of composition 
Fe65.5Cr4Mo4Ga4P12C5B5.5. One disc was cut in small slices and each slice was annealed for 
10 min at 7A  = 623 K, 748 K, 758 K, 765 K, and 768 K, respectively. The heating and 
cooling were performed at constant heating and cooling rates of 5 K/min. After annealing, 
each sample was prepared for TEM as discussed in 2.2.4. Figure 3.20 displays the TEM 
micrographs, showing the structural evolution of the samples as a function of annealing 
temperature. 
The sample was fully amorphous at room temperature (Fig. 3.20 (a)). After 
annealing at 623 K, i.e. 7A  = 73  – 104 K, the sample is still fully amorphous (Fig. 3.20 (b)). 
Upon annealing the sample at 748 K, i.e. 7A  = 73  + 21 K, some nanocrystals of about 70 nm 
formed (Fig. 3.20 (c)). A further increase of the annealing temperature leads to an 
increasing number of nanocrystals (Fig. 3.20 (d)). With further increasing annealing 
temperature, the number and the size of the crystals increases (Fig. 3.20 (e) – crystals of 
about 95 nm). Upon annealing at 768 K, i.e. 7A  = 73  + 41 K, which is still 15 K below 71  
(Table 3.3), the crystals grow further, reaching at least 350 nm. The annealing has a large 
influence on the magnetic properties. A fully relaxed sample without nanocrystals shows 
the best soft magnetic properties. This will be discussed in paragraph 5.1.1. 
 The identification of the nanocrystals using the electron diffraction image is almost 
impossible because of their complex structure and orientation. However, it is reasonable to 
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assume that the phases, which may form upon annealing, are the same as the phases 
identified by XRD (paragraph 3.2.2, LQVLWX crystallization studies). 
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Fig.3.20  TEM micrographs of Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy alloy showing the 
structural evolution of the sample upon annealing at different temperatures7A : 
(a) as-cast,  (b) 7A  = 623 K,  (c) 7A  = 748 K,  (d) 7A  = 758 K,  (e) 7A  = 763 K, 
(f) 7A  = 768 K. 
 
'LVFXVVLRQ
 A consequence of Inoue’s empirical rules used for finding the compositions able to 
form bulk metallic glasses is the existence of a deep eutectic [Ino00a]. The compositions 
studied here are off-eutectic, but not far from it. Figure 3.21 shows the melting behavior 
recorded by DSC at 10 K/min heating rate for Fe71.5Cr2Mo2Ga2P12C5B5.5, 
Fe69.5Cr4Mo4P12C5B5.5, Fe67.5Cr4Mo4Ga2P12C5B5.5, and Fe65.5Cr4Mo4Ga4P12C5B5.5 
amorphous ribbons. Around the main melting event additional peaks are present, which 
indicate the melting of different crystalline phases formed from the amorphous matrix upon 
heating. 
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Fig. 3.21   Melting behavior of Fe71.5Cr2Mo2Ga2P12C5B5.5, Fe69.5Cr4Mo4P12C5B5.5, 
Fe67.5Cr4Mo4Ga2P12C5B5.5, and Fe65.5Cr4Mo4Ga4P12C5B5.5 amorphous ribbons 
recorded by DSC at 10 K/min heating rate. 
 
However, the alloys retain their amorphous structure if they are rapidly cooled (with a 
cooling rate of 102-103 K/min) and the glass-forming ability, i.e. the values of the reduced 
glass transition temperature 7 2 3  = 73 7 5 6 7  and the extension of the supercooled liquid region 
71 , are rather high. This is caused by the large number of components, the difference in 
their atomic radius, as well as the near zero heat of mixing of the metallic elements and the 
large negative heat of mixing between metals and metalloids (see Table 3.5 [Tak00, 
Boe89]). 
 
Table 3.5 Heat of mixing + (kJ/mol) between different metals and metalloids. 
 
 )H &U 0R *D 3 & %
)H  -1 -2 -2 -39.5 0 -26 
&U -1  0 -1 -49.5 0 -31 
0R -2 0  +7 -53.5 0 -34 
*D -2 -1 +7  --- --- +6 
3 -39.5 -49.5 -53.5 ---  0 +0.5 
& 0 0 0 --- 0  0 
% -26 -31 -34 +6 +0.5 0  
 
 In comparison to data found for similar compositions, the investigated samples have 
a good thermal stability. For example, in the Fe-Ga-P-C-B-Si system [She02], the extension 
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of the supercooled liquid region ∆71  was found to be around 28 K for Fe77Ga3P12C4B4 and 
increases up to 48 K for a Fe77Ga3P9.5C4B4Si2.5 alloy, the crystallization temperature 71  
being less than 800 K. The maximum achievable diameter for that the rods were still 
amorphous in the case of copper mold casting did not exceed 2.5 mm. 
 Similar compositions studied in IFW are from the Fe-Al-Ga-P-C-B-Si system. N. 
Schlorke HW DO., as well as J. Degmova HW DO [Sch97b, Sch99, Sch01, Deg02, Deg04b] 
prepared amorphous rods with diameters up to 1 mm by copper mold casting and pellets 
with 10 mm diameter and 3 mm thickness by powder metallurgy. The thermal stability 
investigations revealed a supercooled liquid region of 40 K for bulk 
Fe77Al2.14Ga0.86P8.4C5B4Si2.6. The crystallization took place at 772 K. For consolidated 
samples, ∆71  decreased by 5 K and the crystallization to 768 K. 
 For the studied compositions, Ga seems to play an important role in the glass-
forming ability. The composition without Ga did not allow the casting of bulk samples, but 
its presence up to 4 at % (5.56 wt %) made it possible to cast amorphous rods with up to 3 
mm in diameter. Cr and Mo in addition help also the glass formation. They also show a 
positive influence concerning the corrosion resistance of the bulk amorphous samples 
[Pan02, Cha04]. The formation of the bulk Fe-Cr-Mo-Ga-P-C-B glasses can be attributed to 
the satisfaction of the three empirical rules [Ino00a] for the achievement of high glass-
forming ability and the stabilization of the supercooled liquid. The atomic size ratios for 
transition metal/metalloid in the present system are 0.57-0.73 [ASM92]. The heat of mixing 
values are negative for the atomic pairs of transition metals-metalloids and transition metal-
transition metal (see Table 3.5). Thus, the data on the atomic size and the chemical bonding 
nature indicate that the present compositions satisfy the three empirical rules. This is 
favourable for the formation of a glassy structure with the features of highly dense random 
packed atomic configurations and new local atomic configurations with attractive 
interactions on a short-range scale. The formation of such a structure leads to the 
suppression of nucleation and growth reactions of a crystalline phase, a high viscosity and a 
lower atomic diffusivity [Ino00a]. Therefore, the Fe77.5-x-y-zCrxMoyGazP12C5B5.5 alloys have 
a high glass-forming ability leading to the formation of the bulk glasses. 
 Only very recently, Ponnambalam HW DO. [Pon04] and, independently, Lu HW DO 
[Lu04] succeeded to cast (Fe-Cr-Co-Mo-Mn-C-B)-(Y,Ln) BMGs with a thickness larger 
than 10 mm (Ln: lanthanide elements). Their glasses are ferromagnetic with a Curie 
temperature of around 30-55 K (depending on the composition). The highest diameter, 
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12mm, was obtained for an Fe48Cr15Mo14Er2C15B6 alloy. The alloys exhibit a non-eutectic 
melting and the supercooled liquid region is only approximately 40 K. The glass transition 
temperature 73  is 843 K and the crystallization temperature 71  around 883 K. The reduced 
glass transition temperature 7243  is 0.58 and the γ parameter is 0.39. 
The remarkable enhancement in glass formability observed cannot be attributed to 
the small values of ∆71  or 7243 . One plausible mechanism is that the competing single 
metastable Fe23C6 phase that forms upon devitrification of Fe-Cr-Mo-C-B becomes less 
stable when alloyed with Y/Ln, as found in recent cohesive energy calculations [Pon04]. 
Meanwhile, it was observed that upon alloying with Y/Ln, the growth of the Fe23C6 phase 
during devitrification is drastically impeded [Pon04]. These findings taken in sum suggest 
that while the large atoms can be accommodated in the melt, their presence in the 
crystalline structure decreases the stability of the Fe23C6 metastable phase relative to the 
amorphous structure. As a result, larger bulk metallic Fe-based glassy samples can be 
formed even without an enhanced 7243 . The extrinsic effect of Y/Ln on glass formability 
should be also considered, because, as was recently suggested, the elemental Y may play 
the role of oxygen scavenger in some glassy Fe-based alloys, which leads to the 
suppression of heterogeneous nucleation and, therefore, to an improved glass formability 
[Lu03b]. Earlier, it was shown that the formability of some Fe-based BMG could be 
improved by fluxing the alloy prior to forming the molten ingot [She99a]. In this way, Y 
could play the role of the fluxing agent. 
Obviously, the casting temperature used for melt ejection is important for obtaining 
a completely amorphous alloy. The melt must be overheated until all the crystalline phases 
are melted. At the same time the temperature must not be too high in order to retain a 
proper cooling rate. If the cooling rate permits glass formation but the casting temperature 
favors the formation of crystalline inclusions, then the structure of the as-cast sample will 
be a mixture of amorphous and crystalline phases, similar to the microstructure revealed by 
SEM in Fig. 3.16 or 3.17. Moreover, the crystalline inclusions can be centers for 
heterogeneous nucleation and may lead to a crystalline structure instead of the amorphous 
state. Finally, if the casting temperature is too high, the alloy does not reach the proper 
cooling rate and the retention of an amorphous phase is not possible. For 
Fe65.5Cr4Mo4Ga4P12C5B5.5, we found that the optimum casting temperature for copper mold 
casting is about 150-200 K above the liquidus temperature and depends slightly on the 
diameter of the sample. The casting temperature was optimised by experimental 
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observation as well as upon the information revealed by the LQVLWX X-ray diffraction: in 
Fig. 3.11, curve (d), which is characteristic for a fully melted alloy, as recorded at 1488 K, 
i.e. a temperature around 140 K above the melting temperature recorded by DSC. The 
overheating influences also the viscosity of the alloy in the molten state. The viscosity 
decreases with increasing temperature and the alloy should be fluid enough prior to the 
ejection [Chi93, Chi94]. 
The peaks identified in Fig. 3.9 were α-Fe and an orthorhombic structure of Fe3C-
type. Looking at the micrograph from Fig. 3.16, the dendrites are similar to those observed 
in the case of austenitic IFFFeC phase [Cah96]. The IFF FeC phase can be retained at room 
temperature in rapidly quenched alloys by suppressing the martensitic transformation 
temperature [ASM92]. The possible transformations in the metastable Fe-Fe3C system are 
[ASM92]: 
 
&)H)H)H 3)()( +↔ αγ  (Eutectoid)   (3.7) 
&)H)H/LTXLG 3)( +↔ γ  (Eutectic)   (3.8) 
&)H/LTXLG 3↔  (Congruent)   (3.9) 
 
Besides that, in the same system numerous Fe-C compounds have been reported: FeC, 
Fe2C, Fe3C2, Fe4C, Fe5C2, Fe6C, Fe7C3, Fe8C, Fe20C9, Fe23C or Fe23C6 [ASM92]. Many are 
transitional phases or stabilized by impurity elements. This explains the formation of 
complex compounds as Fe23(B,C)6 or Fe3(B0.7C0.3) in the alloys studied here (see Fig. 
3.11). The behavior similar to that of alloyed steel is due to the high amount of Fe and the 
presence of Cr, Mo and Ga. A slight modification in the structure of a sample may affect 
the mechanical or magnetic properties, as will be discussed in the next chapters. 
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 Valuable information about the mechanical behavior of an alloy can be obtained if 
tensile tests or compression tests are performed. For tensile tests, the investigated samples 
must have a proper length (at least 50 mm) and a proper shape (cylinder or plate, thinner in 
the middle part and thicker at the ends). For compression tests, the sample must have a 
length of only 2.5 times the diameter or the cross diagonal [Ins]. The ends have to be 
polished plan-parallel. The Fe-based amorphous alloys, which are usually brittle and 
cannot be machined after casting, are much more suitable for compression tests than for 
tensile tests. However, despite a large number of published papers about the mechanical 
properties of amorphous alloys, most of them are only about non-ferrous Zr-, Ti- or Cu-
based alloys [Ino92, Ino95c, Zha01, Ino01b]. The mechanical properties of bulk Fe-based 
glasses started to be investigated only in the last few years [Ino03, Ino04, Pon04, Lu04]. 
Thus, compression tests were performed for some as-cast cylindrical rod samples as well 
as for as-cast  and  annealed  rectangular bars.  For all samples, the strain rate GεGW was 
10-4 s-1. 
 
&\OLQGULFDOURGVDPSOHV
 Figure 4.1 shows the compressive stress-strain curves for the as-cast 
Fe65.5Cr4Mo4Ga4P12C5B5.5 cylindrical rods with 2 and 2.5 mm diameter, respectively. Both 
samples exhibit similar features, i.e. an elastic deformation regime followed by a small 
compressive plastic strain. The yield stress σ  , measured at the offset yield, is 3.19 GPa in 
the case of the 2 mm diameter sample and 3.27 GPa for the 2.5 mm diameter sample. The 
corresponding elastic strain ε   is 2.03 % for the 2 mm diameter rod and 1.91 % for the 2.5 
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mm diameter rod, respectively. Young’s modulus is determined as 160 GPa for the 2 mm 
diameter sample and 170 GPa for the 2.5 mm diameter sample. 
The fracture of the samples occurs at a fracture stress σ  of 3.23 GPa for the 2 mm 
diameter sample. σ  reaches 3.27 GPa for the 2.5 mm diameter sample. The fracture strain 
ε
 is 2.33 % and 2.03 %, respectively. The pure compressive plastic strain is 0.30 % and 
0.12 % for the two samples, respectively. Hence, this Fe-based bulk glass exhibits a very 
high strength, higher than that observed in the case of non-ferrous bulk amorphous alloys 
(1.5 – 1.8 GPa for Zr-based alloys, 1.7 – 1.9 GPa for Ti-based alloys or 1.9 – 2.5 GPa for 
Cu-based alloys [Ino01d, Ino00a, Ma03]), but close to that measured for Fe-B-Si-Nb (3.25 
GPa) and Fe-Ga-P-C-B-Si systems (3.16 GPa) [Ino03]. 
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Fig. 4.1   Compressive stress-strain curves for as-cast Fe65.5Cr4Mo4Ga4P12C5B5.5 2 mm 
and 2.5 mm diameter rods. 
 
 The compressive behavior of the rod with 2.5 mm diameter is slightly different in 
comparison to the rod with 2 mm diameter (see Fig. 4.1). Such a difference can occur if the 
2.5 mm diameter rod is not fully amorphous, but contains some nanocrystalline inclusions, 
which exhibit a high strength but reduced plasticity [Xin99, Eck01a]. As the diameter of 
the sample increases, the actual cooling rate upon casting decreases and the appearance of 
first crystalline nuclei becomes possible. In this way, the samples with larger diameter are 
susceptible to contain a small volume fraction of crystalline inclusions. The formation of 
such crystalline inclusions upon casting, which was observed for an amorphous rod with 3 
mm diameter, was described in Chapter 3. This was not observed for the present 2.5 mm 
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diameter rod, but the presence of small volume fraction of crystalline inclusions is not 
totally excluded. However, in order to find the actual structure of a sample, at least an X-
ray diffraction and a DSC experiment should be performed. For X-ray diffraction, in order 
to have a good resolution, the sample must be crashed and prepared as described in 
Chapter 2. In this way it is clear that WKHVDPH sample used for compression tests cannot be 
investigated in detail from the structural point of view. 
The differences between the two described samples regarding their mechanical data 
are quite small and are within the limits of error of the measurement. The error in the 
measurement of the small cross-section of the sample is 5 % and is comparable with the 
difference between the two calculated values for Young’s modulus (160 GPa for the 2 mm 
and 170 GPa for the 2.5 mm diameter sample, respectively). 
The same behavior was observed in the case of the Fe67.5Cr4Mo4Ga2P12C5B5.5 2 mm 
diameter rod (Fig. 4.2), which is much more susceptible to contain some crystalline 
inclusions (as was discussed in Chapter 3, the glass-forming ability deteriorates with 
decreasing Ga content). Here, the values are: σ   = 3.02 GPa, ε   = 1.92 %, σ  = 3.03 GPa,ε  
= 1.93 %; Young’s modulus is ( = 166 GPa. The pure compressive plastic strain reaches 
0.01%, which can be neglected, i.e., there is practically no plastic deformation. 
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Fig. 4.2   Compressive stress-strain curve for an as-cast Fe67.5Cr4Mo4Ga2P12C5B5.5 rod 
with 2 mm diameter. 
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 Figure 4.3 shows the compressive stress-strain curves for as-cast and annealed 
rectangular bars with the cross section 2 mm × 2 mm. The samples were annealed for 10 
min at 712 K, i.e., at a temperature equal to 7  – 15 K, using a heating and cooling rate of 5 
K/min. It can be noted that the fracture stress retains almost the same value after annealing, 
but the sample becomes more brittle and no plastic deformation is observed (see also Table 
4.2, which summarizes all measured data). The yield stress is 2.82 GPa and 2.84 GPa for 
the as-cast and for the annealed sample, respectively. The corresponding compressive 
elastic strains are 1.76 % and 1.60 %, respectively. Young’s modulus is 161 GPa for the 
as-cast state and 177 GPa after annealing. The fracture of both samples occurs at nearly the 
same value of compressive stress, 2.84 GPa, but the corresponding fracture strain is 
different: 1.91 % for the as-cast sample and 1.63 % for the annealed one. The as-cast 
sample shows a small plastic deformation of 0.15 %, but in the case of the annealed bar the 
plastic regime extends only over 0.03 %. 
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Fig. 4.3   Compressive stress-strain curves for Fe65.5Cr4Mo4Ga4P12C5B5.5 as-cast and 
annealed rectangular bars. 
 
 The appearance of the fracture surface was investigated by SEM. Figures 4.4 (a), 
(b) and (c) show micrographs of the Fe65.5Cr4Mo4Ga4P12C5B5.5 as-cast rectangular bar after 
fracture at different magnifications. First, it is noticed that the cross-sectional dimensions 
are not altered upon compression (Fig. 4.4 (a)). Another feature is the appearance of the 
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fracture surface. The observed fracture behavior is totally different from that observed for 
Zr- or Cu- based bulk glassy alloys, where the fracture usually proceeds along the 
maximum shear stress plane, which is declined by about 45° to the direction of the applied 
load, and the fracture surface contains a number of a well-developed vein patterns [Ino00a, 
Ino01d]. Figure 4.4 (b) shows a side view of the fractured sample. There are no distinct 
veins and dimples, at least not over the whole fracture surface but only in some regions. 
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Fig. 4.4  SEM micrographs of the Fe65.5Cr4Mo4Ga4P12C5B5.5 as-cast rectangular bar 
(topological view) showing the fracture surface after compression testing: 
(a) general overview, (b) side view and (c) detail at higher magnification. 
 
Recent systematic investigations on the glasses with different alloy systems 
indicate that the shear fracture always deviates from the maximum shear stress plane either 
under compression or under tension [Zha03a]. For the samples studied here, the fracture 
surface appears to consist of a high number of small fracture zones, which leads to 
breaking of the samples into many small parts, as indicated in Figure 4.4 (a), (b) and (c). 
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This agrees well with the Ti-based composites containing dendrites [Zha03b, He02a]. It 
indicates that the fracture of metallic glasses can occur either in a shear mode or in a break 
mode, depending on the constituent elements and microstructure in detail. The actual 
failure mode of a metallic glassy sample is a competition result between shear fracture and 
distensile fracture as reported by Zhang HWDO. [Zha03b]. For the Fe-based glasses, it has a 
quite high fracture strength, indicating that the critical shear fracture stress must be high 
enough in comparison to the bonding force among the constituent elements in the present 
glass. The brittleness can be also enhanced by the presence of metalloids, i.e. C, B and P 
[Che80]. Inoue and co-workers [Ino03] supposed that such cracks as presented in Fig. 4.4 
(c) are relatively easy to be initiated nearly simultaneously because the stress level is very 
high, around 3 GPa, and the shock wave caused by initiation of one crack induces the 
generation of other cracks at different sites. 
The similarities of the fracture behavior between our samples and Ti-based 
composites may also indicate that the Fe-based BMGs contain a small volume fraction of 
(nano)crystals. The possible existence of a small volume fraction of (nano)crystalline 
precipitates, which may be present in the glassy matrix, is difficult to be ruled out (an 
explanation was given in paragraph 4.1.1, where the compression behavior of the glassy 
Fe65.5Cr4Mo4Ga4P12C5B5.5 as-cast rod with 2.5 mm diameter was discussed). Thus, whether 
the WHVWHGVDPSOHV contain a small volume fraction of crystalline inclusions or not, remains 
an open question. 
 
+DUGQHVVPHDVXUHPHQWV
 
The Vickers hardness was measured for the same kind of as-cast and annealed 
Fe65.5Cr4Mo4Ga4P12C5B5.5 rectangular bar samples with the cross section 2 × 2 mm2 as 
used for compression tests. In order to have an accurate result, 20 indents were performed 
in each sample and the final values were obtained as the average of more than 15 indents. 
For the as-cast bars, the average value is +9 = 885 (8.68 GPa) with a typical standard 
deviation of 5. The hardness of the annealed bars increases up to +9 = 902 (8.84 GPa) 
with a standard deviation of 2.1. The smaller value of the standard deviation in the case of 
the annealed samples indicates a more homogeneous behavior of the annealed specimens 
in comparison with the as-cast state. Figure 4.5 shows SEM micrograph of the surface of 
an as-cast sample with indentation mark. The slips generated by the Vickers diamond 
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indenter and the absence of any visible crack can be easily observed. These features are in 
accordance with the elastic-plastic behavior found from the compression test. 
 
 
Fig. 4.5  SEM micrograph (topological view) showing the surface of an as-cast 
investigated sample (glassy Fe65.5Cr4Mo4Ga4P12C5B5.5 rectangular bar) with 
an indentation mark. It is possible to observe the slips generated by the 
Vickers diamond indenter. 
 
'LVFXVVLRQ
 
 The compressive behavior of all samples is rather similar. First, up to certain values 
of the applied stress they exhibit a purely elastic deformation up to the yield stress σ   (and 
the yield strain ε  ). The samples remain macroscopically intact up to a high level of applied 
stress. Before fracture, the as-cast fully amorphous samples exhibit a small plastic 
deformation. Table 4.1 summarizes the deformation data obtained from the compression 
tests, together with some data for other Fe- or Fe-Co bulk glassy alloys [Ino00b, Ino03, 
Ino04, Lu04, Pon04]. For present investigated samples, the offset yield is around 3 GPa, 
and the corresponding strain is between 1.6 and 2 %. Young’s modulus takes values 
between 160 and 177, depending on the sample. The brittleness of these glassy samples 
increases, i.e. the extension of the plastic regime decreases, upon annealing and when there 
are crystalline inclusions in the amorphous matrix, as in the case of the rod with 2.5 mm 
diameter. The values are comparable with the values found by Inoue HW DO. [Ino03] for 
(Fe0.75B0.15Si0.1)96Nb4 or Fe77Ga3P9.5C4B4Si2.5 glassy rods with 1.5 mm and 2 mm diameter, 
respectively. For another ferromagnetic alloy, cast iron (FC20) with 0.4 wt.% boron, 
[Ino00b], a fracture strength of 3.48 GPa has been reported, but Young’s modulus is 
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reduced to 125 GPa. Upon annealing for 1 hour at 1200 K, i.e. upon precipitation of some 
FeC particles, the fracture strength becomes 1.53 GPa, less than half in comparison to the 
initial value, but the plastic strain extends to over 9 %. It must be mentioned that the values 
corresponding to annealed samples were measured for an initial rod of 0.5 mm upon tensile 
testing. 
 
Table 4.1 Yield stress σ  , yield strain ε  , fracture stress σ , fracture strain ε , Young’s 
modulus (, plastic strain ε  and Vickers hardness for the analyzed samples, as 
well as the available data for other ferromagnetic BMGs. 
 
Type and composition 
σ   
(GPa) 
ε   
(%) 
σ  
(GPa) 
ε   
(%) 
ε  
(%) 
( 
(GPa) +9
Rod φ 2 mm as-cast 
Fe65.5Cr4Mo4Ga4P12C5B5.5 
3.19 2.03 3.23 2.33 0.30 160  
Rod φ 2.5 mm as-cast 
Fe65.5Cr4Mo4Ga4P12C5B5.5 
3.27 1.91 3.27 2.03 0.12 170  
Rod φ 2 mm as-cast 
Fe67.5Cr4Mo4Ga2P12C5B5.5 
3.02 1.92 3.03 1.93 0.01 166  
Bar 2 × 2 mm as-cast 
Fe65.5Cr4Mo4Ga4P12C5B5.5 
2.82 1.76 2.84 1.91 0.15 161 885 
Bar 2 × 2 mm annealed 
Fe65.5Cr4Mo4Ga4P12C5B5.5 
2.84 1.60 2.84 1.63 0.03 177 902 
Rod φ 1.5 mm as-cast 
(Fe0.75B0.15Si0.1)96Nb4 [Ino03] 3.16 1.8 3.250 2.2 0.4 175 1060 
Rod φ 2 mm as-cast 
Fe77Ga3P9.5C4B4Si2.5 
[Ino03] 2.98 1.9 3.16 2.2 0.3 182 870 
Rod φ 2 mm as-cast 
Co43Fe20Ta5.5B31.5 
[Ino04] 5.18 0.02 5.185 0.02  268  
Rod φ 2 mm annealed 
Co43Fe20Ta5.5B31.5 
[Ino04] 5.33 0.02  0.03 0.01 268  
Rod φ 2 mm as-cast 
FC20+0.4 wt% B [Ino00b]   3.48   125 970 
Rod φ 0.5 mm annealed 
FC20+0.4 wt% B [Ino00b] 1.42  1.53  9  1120 
Rod φ 12 mm 
Fe48Cr15Mo14Er2C15B6 
[Pon04] ~ 4     200 1200 
Rod φ 12 mm 
(Fe44.3Cr5Co5Mo12.8 
Mn11.2C15.8B5.9)98.5Y1.5 
[Lu04] ~ 3     257 1224 
 
The highest strength value reported up to now for a bulk glassy ferromagnetic alloy is 
5.185 GPa and was measured for a 2 mm diameter as-cast rod of composition 
&KDSWHU0HFKDQLFDOSURSHUWLHVRIDVFDVWDQGDQQHDOHGVDPSOHV
 89
Co43Fe20Ta5.5B31.5 [Ino04]. Young’ s modulus is 268 GPa and no plastic deformation at 
room temperature was noticed. At 698 K the compressive fracture strength increases 
slightly to 5.334 GPa and the plastic deformation extends over only 0.01 %. The new “bulk 
amorphous steel” with a diameter over 1 cm [Lu04, Pon04] shows also high values of yield 
stress and Young modulus, more than 3 GPa and 200 GPa, respectively (see Table 4.1), but 
the strain is probably very reduced. 
The Vickers hardness of as-cast samples (+9 = 885) is perfectly comparable with 
data obtained by Inoue HWDO for an Fe77Ga3P9.5C4B4Si2.5 as-cast rod with 2 mm diameter 
(+9 = 870, [Ino03]) or for an FC20+0.4 wt% B as-cast rod with 2 mm diameter 
(+9 = 970, [Ino00b]) and lower than the hardness found in the case of a 1.5 mm diameter 
(Fe0.75B0.15Si0.1)96Nb4 as-cast rod (+9 = 1060, [Ino03]), or in the case of the “bulk 
amorphous steel” with 12 mm diameter [Pon04, Lu04], which revealed a hardness 
+9 > 1200. Upon annealing the hardness increases, because the annealing induces a 
structural relaxation and consequently density and packing slightly increase [Che80]. The 
mechanical properties follow the same trend, i.e. Young’ s modulus increases, the plasticity 
may drop and the hardness increases (Table 4.1). 
 The values of the strength are much higher than the known values for non-ferrous 
glassy alloys: 1.5 – 1.8 GPa for Zr-based alloys ([Reg00, Eck01b, Kue04]), 1.7 – 1.9 GPa 
for Ti-based alloys ([He02b, He04, Cal03]), 1.9 – 2.5 GPa for Cu-based alloys ([He02b, 
Cal03]) or 2.7 – 3.1 GPa for Ni-based alloys ([Ino04]). The crystalline soft magnetic 
materials used for magnetic devices are usually brittle [Bol90]; in contrast, some of the 
samples studied here showed a plastic deformation of around 0.2 %. 
 Figure 4.6 summarizes the relationship between σ  and 7  for a number of bulk 
glassy alloys [Ino03]. The open circle illustrates the result corresponding to present studied 
samples. Despite some scatter, all data for Fe-based bulk glassy alloys appear to lie in the 
same region. The rather good linear relation shown in Fig. 4.6 should indicate the absence 
of differences in the mechanical properties between metal-metalloid-type glassy alloys and 
simple metal-type alloys or transition metal-type alloys. The fracture surface of present 
investigated samples is without shear plane and vein pattern because such cleavage-like 
fracture usually does not go along a shear plane but frequently forms a rugged fracture 
surface or breaks into pieces [He02a, He02b]. The vein-like feature (produced under high 
shear stress) will not appear because the shear bands do not propagate along the sample. 
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Fig. 4.6  Relationship between compressive fracture strength σ  and glass transition 
temperature 7  [Ino03]. The open circle illustrates the data measured for 
samples studied here. 
 
 Table 4.2 summarizes the available data about glass transition temperature 7  and 
compressive fracture stress σ  for a number of Fe- or Co-based BMGs, together with the 
corresponding papers in which the results were published. As was mentioned before, the 
mechanical properties of such BMGs started to be investigated only in the last 2-3 years. 
The relationship between σ  and 7  is plotted in Fig. 4.7, together with the linear fitting of 
data. Upon fitting, the equation which describes the behavior is: 
 

	 7⋅+⋅−= 2.13102.7 3σ ,    (4.1) 
 
where 7
  is in K and σ  is in MPa. 
 It is interesting to compare equation (4.1) with equation (1.17) [Ino02a]: 
 

 7⋅+⋅−= 47.71035.3 3σ ,    (4.2) 
 
the equation written for Cu-based BMGs, i.e. for non-ferrous BMGs systems (see 
chapter 1). 
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Table 4.2 Literature data of glass transition temperature 7
  and fracture stress 
σ  for Fe- and Co-based alloys. 
 
Composition 7
  (K) σ  (GPa) 
1 FC20+0.4 wt% B [Ino00b]  3.48 
2 (Fe0.75B0.15Si0.1)96Nb4 [Ino03] 835 3.25 
3 Fe77Ga3P9.5C4B4Si2.5 [Ino03] 750 3.16 
4 Fe48Cr15Mo14Er2C15B6 [Pon04] 843 4 
5 (Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 [Lu04] 804 3 
6 Co43Fe20Ta5.5B31.5 [Ino04] 910 5.18 
7 Fe65.5Cr4Mo4Ga4P12C5B5.5 present study 760 2.84 
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Fig. 4.7  Relationship between compressive fracture strength σ  and glass transition 
temperature 7
  for the values summarized in Table 4.2. Each number is 
assigned to a composition, as presented in Table 4.2. 
 
 The data corresponding to Fe-based or Co-based BMGs cannot be treated with the 
same equation as the data corresponding to non-ferrous alloy systems, even if the 
mechanical behavior is more or less similar (Fig. 4.6). The slopes of the linear fitting are 
different: 7.47 (which corresponds to an angle θ = 82.3°) for non-ferrous alloys and 13.2 
(or θ = 85.6°) for ferrous alloys. As observed as a slight tendency in Fig. 4.6, where the 
data corresponding to Fe-based BMGs are above the linear fitting curve, the compressive 
fracture stress increases more rapidly with increasing 7
 . Considering that 7
  reflects the 
bonding nature between the constituent elements [Boe89], the high strength of the Fe-
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based bulk glassy alloys seems to originate from the high bonding forces between the 
constituent elements. 
 The ratio σ ( attains values of around 0.017 and + ( takes values of 0.018 and 
0.016 for the as-cast and annealed samples, respectively Hence, the relationship between 
the fracture strength and the hardness σ  §+   is verified [Che80]. Considering that a 
number of amorphous alloys reported up to date have nearly fixed values of about 0.02 for 
σ  ( and +  ( [Che80], it is concluded that the studied Fe-based bulk glassy alloys 
follow the same trend. The agreement also suggests that the Fe-based bulk glassy alloys 
have an elastic-plastic deformation mode similar to other non-ferrous bulk glassy alloys, 
the main difference being a much higher strength level, which can be achieved in 
compression tests. 
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 Because of the absence of crystalline anisotropy, the Fe-(CrMoGa)-PCB glassy 
alloy exhibits good soft magnetic properties, characterized by a low coercivity and a high 
permeability. Nevertheless, residual anisotropies may be present, such as shape anisotropy 
or stress-induced anisotropy, caused by internal mechanical stress induced during the 
preparation procedure. The unwanted anisotropies can be reduced by annealing the 
samples at elevated temperatures, but below 7  . Here, the magnetic properties of as-cast or 
pressed samples, as well as the modifications induced by annealing treatments will be 
discussed. 
 
&DVWVDPSOHV
 Table 5.1 summarizes the values for the coercivity of the as-cast glassy samples of 
different compositions. The values are different for samples with different shape or 
diameter. The lowest coercivity value was found for ribbons and it increases in the case of 
bulk samples. For Fe65.5Cr4Mo4Ga4P12C5B5.5, the coercivity for the ribbon is 1.7 A/m. For 
rods, +   increases to 62 A/m for a 3 mm diameter rod, but not monotonically with the 
sample diameter: 5 A/m for a rod with 1.5 mm diameter, 3 A/m for a rod with 2 mm 
diameter, 9 A/m for a rod with 2.5 mm diameter or 6 A/m in the case of the disc. The same 
trend was observed also in the case of another studied composition. For 
Fe67.5Cr4Mo4Ga2P12C5B5.5 samples, the ribbon exhibits 1.5 A/m, 17 A/m for a rod with 1.5 
mm diameter and 4 A/m for a rod with 2 mm diameter. The Fe69.5Cr4Mo4P12C5B5.5 as-cast 
ribbon has a coercivity of 0.9 A/m but for the rod with 1.5 mm diameter it increases to 
75 A/m. 
&KDSWHU0DJQHWLFSURSHUWLHVRI)H&U0R*D3&%EXONJODVV\DOOR\V
 94
The coercivity does not increase monotonically with increasing diameter of the 
rods, i.e. it does not depend on the geometry of the sample, but is probably most sensitive 
to residual stress induced during the casting and to crystalline inclusions. For glassy 
samples without crystalline inclusions, the coercivity is generally lower than 10 A/m 
[Fer94]. The coercivity increases by one order of magnitude when some (nano)crystals are 
present in the samples and it is expected to depend on the volume fraction of such 
crystalline inclusions. Figure 5.1 presents the X-ray patterns for the samples that show the 
highest values of coercivity, for different alloys. 
 
Table 5.1   Coercivity of samples of different compositions. 
 
Alloy composition Shape +   [A/m] 
Ribbon 1.7 
Rod φ 1.5 mm 5 
Rod φ 2 mm 3 
Rod φ 2.5 mm 9 
Rod φ 3 mm 62 
Fe65.5Cr4Mo4Ga4P12C5B5.5 
Disc φ 10 x 1 mm 6 
Ribbon 1.5 
Rod φ 1.5 mm 17 Fe67.5Cr4Mo4Ga2P12C5B5.5 
Rod φ 2 mm 4 
Ribbon 0.9 
Fe69.5Cr4Mo4P12C5B5.5 
Rod φ 1.5 mm 75 
Fe71.5Cr2Mo2Ga2P12C5B5.5 Ribbon 1.7 
 
In the case of the 3 mm diameter Fe65.5Cr4Mo4Ga4P12C5B5.5 rod, the pattern shows 
two crystalline peaks superimposed on the main broad maximum characteristic for the 
amorphous state. The coercivity of this sample is 62 A/m. In the case of 
Fe67.5Cr4Mo4Ga2P12C5B5.5 samples, the crystalline peaks are difficult to be observed and 
the X-Ray diffraction pattern looks like that of a fully amorphous alloy. For this 1.5 mm 
diameter rod, the coercivity is as low as 17 A/m. The third plot, recorded for the 
Fe69.5Cr4Mo4P12C5B5.5 1.5 mm diameter rod, is the most distinct one. Here, a few clear 
crystalline peaks are superimposed on the broad amorphous background, which proves the 
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presence of crystalline inclusions in the amorphous matrix. The coercivity value in this 
case reaches 75 A/m. 
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Fig. 5.1   XRD patterns of not-fully amorphous samples of different compositions. 
 
 Upon annealing at elevated temperatures, a partial or total stress relief may be 
expected. If the coercivity is high due to a stress-induced anisotropy formed upon casting, 
annealing leads to a decrease of coercivity. On the contrary, annealing of samples with 
crystalline inclusions does not yield any decrease of the coercivity. The crystalline 
inclusions may grow without an incubation time. Thus, as soon as atomic diffusion is 
possible at elevated temperature the crystals tend to grow. But, diffusion is also a 
prerequisite for stress relief. 
The variation of the coercivity for fully amorphous samples as a function of 
annealing temperature is shown in Fig. 5.2. The annealing was performed in the DSC 
under a purified Ar flow and constant 5 K/min heating and cooling rate. One amorphous 
Fe65.5Cr4Mo4Ga4P12C5B5.5 cast disc was cut in small slices and each piece was kept for 10 
min at different annealing temperatures: 623 K, 723 K, 748 K, 753 K, 758 K, 763 K, 768 
K, 773 K and 873 K, respectively. The glass transition temperature for this set of samples 
was found to be 7  = 727 K and the crystallization temperature 7   = 783 K (measured at 5 
K/min heating rate). 
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Fig. 5.2   Variation of the coercivity as a function of annealing temperature, starting 
from room temperature (R.T.). 
 
First, the coercivity decreases with increasing annealing temperature, reaching a minimum 
value (less than 1A/m) at 723 K, which is close to 7  (measured at 5 K/min heating rate, 
i.e., the same heating rate used for reaching the annealing temperature). The crystallization 
of the sample starts with a further increase of the annealing temperature. This leads to a 
sudden increase of the coercivity. After complete crystallization, the coercivity reaches 
more than 10 kA/m. The annealed samples were investigated by TEM and their structure is 
discussed in chapter 3 (Fig. 3.20). 
 The coercivity values obtained upon annealing (less than 1 A/m) are lower in 
comparison with 1.6 A/m obtained by Shen and Schwarz [She99a] for the same 
Fe65.5Cr4Mo4Ga4P12C5B5.5 BMGs. However, for all BMGs with similar compositions, the 
coercivity is very low: 2-6 A/m for Fe-Ga-P-C-B-Si [She02], 2-5 A/m for Fe-Co-Cu-Al-
Zr-Si-B [Mit03], 8-40 A/m for Fe77Al2.14Ga0.86P8.4C5B4Si2.6 [Gra03]. A coercivity of less 
than 1 A/m, as measured for annealed Fe65.5Cr4Mo4Ga4P12C5B5.5 samples, is typical for 
FeNi alloy (Permalloy) [Bol90], one of the best and most used crystalline soft magnetic 
material. The amorphous alloys with the lowest coercivity are of the type (Fe,Co,Ni)-
(B,C,Si) and are known under the brand name of VITROVAC [Bol90]. Their coercivity 
values are around 0.3 A/m. 
 
&RPSDFWHGVDPSOHV
 The powders obtained by milling of the Fe65.5Cr4Mo4Ga4P12C5B5.5 amorphous 
ribbons as well as the subsequently hot pressed pellets were named P1, P2 and P3. The 
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milling time was 3 hours for each experiment and the rotational velocity was 200 RPM for 
P1, 250 RPM for P2 and 300 RPM for P3. After milling, a small quantity of each as-milled 
powder was mixed with an amorphous resin and dried. The samples prepared in this way 
were measured with the coercimat. The values of the coercivity are listed in Table 5.2 
under the name of “coercivity of as-milled powders”. The rest of each powder was 
compacted and the resulting pellets were also measured with the coercimat. Next, the as-
compacted pellets were annealed for 10 min at a temperature corresponding to 7  for each 
powder sample, i.e. P1 at 746 K, P2 at 743 K and P3 at 733 K, respectively (the thermal 
stability data are summarized in Table 3.4). Table 5.2 shows the coercivity values for 
powder samples at each stage: as-milled, as-pressed and after annealing. The 
corresponding values for ribbons are also given. 
 
Table 5.2 Coercivity of powder Fe65.5Cr4Mo4Ga4P12C5B5.5 samples and ribbon used as 
precursor. The estimated values of relative density are also displayed. 
 
Sample P1 P2 P3 Ribbon 
Hc [A/m] as-milled 1090 1260 1500 – 
Hc [A/m] as-compacted 50 60 190 1.7 
Hc [A/m] annealed 23 37 135 < 1 
Relative density of 
compacted pellets 
80.58 % 79.40 % 76.83 % 100 % 
 
After hot compaction, the samples show a lower coercivity, characteristic for soft magnetic 
alloys [Bol90], but up to more than 100 times larger than the value of the as-quenched 
ribbon. A subsequent annealing can decrease these values. The final values are lower, but 
still at least one order of magnitude higher than those obtained for bulk cast samples (Table 
5.1). The explanation for this behavior is related to the lower relative density, which 
characterizes the compacted samples, in contrast to the fully dense samples obtained upon 
copper mold casting. The presence of pores is magnetically the same as the presence of a 
second nonmagnetic phase and gives rise to a stray field [Kne62]. Thus magnetization 
reversal is bumped by the pores. The samples P1 and P2, with relatively close density 
values (80.58 % for P1 and 79.40 % for P2), exhibit also similar values of coercivity (23 
A/m for P1 and 37 A/m for P2), but with a further decrease of the density (76.83 % for P3), 
the coercivity increases drastically: 135 A/m even after annealing. Another fact, which 
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may help to explain this behavior, is the increase of the oxygen content with increasing 
milling velocity [Deg02], where oxides are another non magnetic phase and may also act 
as sources of stress due to different thermal expansion. 
 For powders obtained upon 150 hours milling of Fe74Al5P11C6B4 melt-spun 
ribbons, N. Schlorke [Sch99] measured a coercivity of 1620 A/m. After annealing at a 
temperature close to 7 , the coercivity decreased to 60 A/m. In the case of 
Fe77Al2 	 14Ga0 	 86P8 	 4C5B4Si2 	 6 BMGs prepared by hot pressing of 1 h at 250 RPM ball milled 
melt-spun ribbons [Deg04b], the coercivity of as-milled powders is 2300A/m and 
decreases upon annealing down to 250 A/m. 
 
7KH&XULHWHPSHUDWXUH
 
 The saturation magnetization versus temperature was measured using the Faraday 
magnetometer and the Curie temperature was calculated as described in paragraph 2.4.4. 
Figure 5.3 shows the variation of the Curie temperature as a function of the geometrical 
dimensions for all studied compositions, measured for as-cast samples. 
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Fig. 5.3   Variation of the Curie temperature as a function of geometrical dimensions. 
The values corresponding to the ribbons are plotted in the left part of the plot. 
 
As a general trend it is observed that the Curie temperature is larger for rod samples 
in comparison to ribbon samples, as well as it increases with increasing rod diameter. Such 
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a variation of the Curie temperature is due to a more relaxed amorphous structure of the 
rods with increasing diameter and in comparison with the ribbon [Rot02].  
Concerning the composition, the Curie temperature slightly decreases with 
increasing Fe content when the Ga content decreases, from 435 K for 65.5 at.% Fe to 402 
K for 69.5 at.% Fe, but increases to 515 K for 71.5 at.% Fe when the content of Cr, Mo and 
Ga are all 2 atomic percent. Such decrease of the Curie temperature with increasing 
content of magnetic  atoms  (only  for  Co,  not for Fe) was  observed  in  the  case  of  
(Fe1-xCox)62.5Si12.5B25 alloys [She93]. There, the explanation was that the exchange 
interaction between Co-Co pairs decreases due to the presence of a high amount of 
metalloids. In the present case, the low values of the Curie temperature can arise because 
in composition is a high amount of non-magnetic atoms, which can isolate the magnetic 
atoms. 
 
7KHPDJQHWL]DWLRQSURFHVV
 
 The hysteresis loops were recorded using two different devices: a %+ loop tracer 
and a vibrating sample magnetometer. The magnetometer was used especially to estimate 
the saturation magnetization at room and low temperatures, whilst the %+ loop tracer was 
used to investigate the low-field behavior. Typical hysteresis loops recorded with the loop 
tracer for an as-cast Fe65.5Cr4Mo4Ga4P12C5B5.5 amorphous ribbon and a rod with 1.5 mm 
diameter are shown in Fig. 5.4. 
 Both samples exhibit a very soft magnetic behavior. The loop for the ribbon is near 
rectangular (curve (a) in Fig. 5.4) and because the thickness of the sample is much smaller 
than its width and length, one can consider the demagnetizing factor 1 equal to zero 
[Osb45]. In the case of the rod (curve (b) in Fig. 5.4), the hysteresis loop is not corrected 
for the demagnetizing factor, which cannot be considered anymore as zero. Also, the as-
cast samples may have a stress-induced anisotropy. For these reasons, the corresponding 
hysteresis loops are not rectangular. The values of the saturation magnetization for 
different samples and compositions, measured using the VSM, are summarized in 
Table 5.3. 
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Fig.5.4  Hysteresis loops for an as-cast Fe65.5Cr4Mo4Ga4P12C5B5.5 amorphous ribbon 
and a rod with 1.5 mm diameter. The loop corresponding to the 1.5 mm 
diameter rod is not corrected for the demagnetizing factor. 
 
Table 5.3 Saturation magnetization for different samples and compositions. 
 
Composition Sample 
Magnetization 
0 [Am2/Kg] 
Ribbon 92.5 
Rod φ 1.5 mm 91.3 
Rod φ 2 mm 86.8 
Rod φ 2.5 mm 88 
Rod φ 3 mm 88 
Fe65.5Cr4Mo4Ga4P12C5B5.5 
Disc φ 10mm x 1 mm 90.2 
Fe67.5Cr4Mo4Ga2P12C5B5.5 Ribbon 88.4 
Fe69.5Cr4Mo4P12C5B5.5 Ribbon 88.8 
Fe71.5Cr2Mo2Ga2P12C5B5.5 Ribbon 135 
 
 The Fe65.5Cr4Mo4Ga4P12C5B5.5 rod with 2 mm diameter gives not only an extreme 
value for the coercivity (the lowest for an as-cast sample, as summarized in Table 5.1), but 
also the lowest value for saturation. This cannot be explained by the presence of pores or 
other non-magnetic inclusions. The origin of this behavior seems to be the most relaxed 
structure achieved upon casting. 
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With increasing iron and gallium decreasing content, the magnetization does not 
increase as was supposed. The magnetization increases when iron is substituted by non-
magnetic transition metals. This can be correlated with the trend of the Curie temperature 
(Fig. 5.3), which decreases with decreasing Ga content, but increases drastically with 
decreasing Cr, Mo and Ga content. 
 As was already mentioned in paragraph 5.1.1, annealing can release the stress-
induced anisotropy and the absence of any anisotropy results in better soft magnetic 
properties. The hysteresis curves were modified by such a kind of thermal treatments. For 
comparison, Fig. 5.5 shows the hysteresis loops recorded with the VSM, taken for slices 
from an Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy disc annealed for 10 min at 623 K and 723 K, 
respectively. The samples were heated with a constant rate of 5 K/min from room 
temperature to the annealing temperature 7 , held at 7  for 10 min, and subsequently 
cooled to room temperature with the same rate, 5 K/min. The annealing temperatures 
correspond to 7  – 104 K and 7  – 4 K, respectively (7  = 727 K upon measuring by DSC 
at 5 K/min heating rate). 
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Fig. 5.5   Comparison between hysteresis loops of Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy 
samples at room temperature and after annealing for 10 min at different 
temperatures. 
 
The saturation magnetization increases upon annealing, but by no more than 10 %. 
An important effect can be observed for the shape of the loops: the tendency is to become 
more rectangular and the approach to saturation is more rapid. 
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 For the same Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy alloy, Shen and Schwarz [She99a] 
found a similar value for the saturation magnetization (94.4 Am2/kg), which corresponds to 
a polarization -   of 0.89 T. Higher values of saturation polarization (-   = 1.1 T) were 
measured for Fe77Al2 	 14Ga0 	 86P8 	 4C5B4Si2 	 6 BMGs prepared by hot pressing [Deg02], or 1.4 
T for Fe78Ga2P9.5C4B4Si2.5 amorphous rods (with maximum achievable diameter limited to 
2 mm) [She02]. A decrease in coercivity and increase in saturation magnetization upon 
annealing at elevated temperatures was reported for Fe-(Cu,Nb)-Si-B (FINEMET) and Fe-
(Nb,Zr)-B (NANOPERM) alloys [Yos88, Koj95] or, more recently, in the case of 
Fe74Al4Ga2P11B4Si4Cu1 DPRUSKRXV ULEERQV >3 N@ 7KH GHFUHDVH LQ FRHUFLYLW\ and 
increase in saturation magnetization is connected with a gradual formation of a 
nanocrystalline phase, which was identified as EFF Fe(Si). Such an evolution is explained 
by a reduced effective magnetic anisotropy of nanocrystalline materials [Her97]. The 
magnetic softening occurs when the grain size becomes smaller than the ferromagnetic 
exchange length (for FeSi, 35 nm [Kne62]). Then, the local anisotropies are randomly 
averaged out by exchange interaction. 
 In one of the glassy Fe65.5Cr4Mo4Ga4P12C5B5.5 discs a hole was introduced by using 
the spark erosion method. The exact dimensions of the resulting ring were: external 
diameter 9.90 mm, inner diameter 3.55 mm and thickness 1.04 mm. Around the ring two 
different windings were attached, corresponding to a primary and a secondary winding, 
and the resulting toroidal transformer was connected to the %+ loop tracer. Figure 5.6 
shows the hysteresis loops recorded for a maximum applied field of 15 A/cm, with the 
toroid immersed in water at room temperature (293 K) or in liquid nitrogen (77 K). At 
saturation, the magnetic flux density % reaches 0.77 T at room temperature and increases 
up to 1 T when the sample is cooled to 77 K. The values are in the same range as the 
values obtained from VSM measurements (for this alloy, if one considers the density of 
7.057 g/cm3, 1 T corresponds to 112.76 Am2/kg). The initial permeability µ   can be 
determined from the slope of the magnetization curve in the limit HÆ0. In this case, 
8100lim
0
0
==
→ +
%


µ
µ . 
 The low temperature behavior, from room temperature to 100 K, was also 
investigated using the VSM with the low temperature facility (the cryostat) mounted on it. 
Several hysteresis loops were recorded, starting from room temperature down to 100 K, in 
intervals of 5 K. In Fig. 5.7, the values of the saturation magnetization are plotted as a 
&KDSWHU0DJQHWLFSURSHUWLHVRI)H&U0R*D3&%EXONJODVV\DOOR\V
 103
function of temperature (symbols), together with the fitting in a power series of 7   (solid 
lines), for as-cast samples and samples annealed for 10 min at 723 K. 
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Fig. 5.6   Hysteresis loops for an Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy ring at room 
temperature and liquid nitrogen temperature. 
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Fig. 5.7   Variation of saturation magnetization with temperature for as-cast and 
annealed Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy samples (open symbols). The solid 
lines show the fitting of the experimental data. 
 
At room temperature, the annealed sample exhibits a slightly larger value of the 
saturation magnetization (85.96 Am2/kg) than the as-cast sample (85.24 Am2/kg). It 
increases with decreasing temperature, in a similar way for both samples and without 
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noticeable events. The experimental data presented in Fig.5.7 were fitted using equation 
1.20 [Han80]: 
 
( )...1)0()( 2/52/3 −⋅−⋅−⋅= 7&7%070    (5.1) 
 
The parameters 0, % and & corresponding to as-cast and annealed 
Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy samples are listed in Table 5.4 
 
Table 5.4 Parameters describing the low temperature dependence of saturation 
magnetization for as-cast and annealed Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy 
discs. 
 
Fe65.5Cr4Mo4Ga4P12C5B5.5 sample 0 [Am2/kg] % [K-3/2] & [K-5/2] 
as-cast glassy disc 112 ± 0.05 (2.4 ± 0.05)·10-5 (7.3 ± 0.01)·10-8 
annealed glassy disc 112 ± 0.09 (1.7 ± 0.09)·10-5 (8.9 ± 0.02)·10-8 
 
Generally, the low temperature behavior of the saturation magnetization of crystalline 
ferromagnetic materials can be described within reasonable errors by the first two terms 
from equation (5.1): 
 
( )2/31)0()( 7%070 ⋅−⋅=     (5.2) 
 
For the bulk glassy samples studied here, the fitting using the equation (5.2) gives a high 
deviation from the experimental curves. The final fitting, as presented in Fig. 5.7 by solid 
lines, took into account also the term in 7    . This behavior was analysed in detail by 
Bhagat HWDO [Bha79] for Fe30Ni45Al3P16B6, Fe29Ni49P14B6Si2 and Fe37.5Ni37.5Al3P16B6. If 
the range <U> of the exchange interaction is rather high (for example, the Fe-Fe nearest-
neighbor distance is <U> = 2.5 Å [Axe77] in pure crystalline α-Fe), i.e. if the exchange 
interactions take place at a large distance, the % constant from equation (5.2) can no more 
be treated as a constant [Bha79]. % is related to the stiffness constant ' by [Han80]: 
 
2/3
4)0(612.2 


= '
N
0
J% 
pi
µ
,    (5.3) 
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where µ  is Bohr’s magneton, N   the Boltzmann constant, J the gyromagnetic factor and 
0 is the saturation magnetization at 0 K. The stiffness constant ' is also temperature-
dependent: 
 
υ)1()0()( 7'7' −⋅= ,    (5.4) 
 
with 2 ν   >+DQ@7KH DVVXPSWLRQ WKDW WKe exchange interactions take place at a 
larger distance than in the crystalline ferromagnetic materials explains also the rather low 
values of the Curie temperature (around 450 K- see paragraph 5.2- in comparison to 
1044 K for EFF α-Fe). The average magnetic moment per iron atom calculated from the 
fitting at 0 K, <µ>, is 0.73µB, in comparison to 2.2µB for bulk crystalline Fe. This is also 
an indication that the magnetic interactions take place at a rather large distance. 
 
0DJQHWRVWULFWLRQ
 
$PRUSKRXVULEERQVDQGEXONFDVWVDPSOHV
 The magnetostriction constant λ was measured using the small angle magnetization 
rotation method in the case of ribbons and by the strain gauge method for bulk cast discs. 
Both experimental procedures were described in detail in Chapter 2. Table 5.5 summarizes 
the values for amorphous ribbons of different compositions. 
 
Table 5.5 Magnetostriction values measured for amorphous ribbons with different 
compositions. 
 
Composition λ[ppm] 
Fe65.5Cr4Mo4Ga4P12C5B5.5 8.9 
Fe67.5Cr4Mo4Ga2P12C5B5.5 8.9 
Fe69.5Cr4Mo4P12C5B5.5 8.5 
Fe71.5Cr2Mo2Ga2P12C5B5.5 16.2 
 
For compositions with 4 at.% chromium and molybdenum, the magnetostriction constant is 
nearly equal, taking values around 9 ppm and it increases to 16 ppm for the composition 
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with 2 at% chromium, molybdenum and gallium. Apparently, the Ga content has no 
influence but Cr and Mo reduce the magnetostriction. 
 For the bulk cast Fe65.5Cr4Mo4Ga4P12C5B5.5 disc, the magnetostriction was 
measured in a magnetic field parallel to the strain gauge (λ||), as well as in a field 
perpendicular to it (λ⊥). This was done in order to estimate the global magnetostriction 
constant λ  λ|| λ⊥. The plot showing the variation of global magnetostriction versus 
applied field is shown in Fig. 5.8. The plot refers to a disc annealed for 10 min at 723 K, 
i.e. 7  – 4 K. The magnetostriction constant saturates at a value around 10 ppm, which is 
rather close to that found for the ribbon of the same composition (Table 5.5). The results 
for the as-cast discs do not significantly differ from these values, i.e. the shape does not 
affect the magnetostriction constant, because the magnetostriction is an intrinsic magnetic 
property. 
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Fig. 5.8   Global magnetostriction constant λ λ||λ⊥ as a function of external 
magnetic field for an annealed Fe65.5Cr4Mo4Ga4P12C5B5.5 cast disc. 
 
&RPSDFWHGVDPSOHV
 The magnetostriction constant was measured also for Fe65.5Cr4Mo4Ga4P12C5B5.5 
annealed  compacted  samples.  Figure 5.9  shows  the  global  magnetostriction  constant  
λ   λ||  λ⊥ measured for the samples P1, P2 and P3. The magnetostriction constants 
measured with the magnetic field parallel to the strain gauge (λ||) or perpendicular to the 
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strain gauge (λ⊥) for each compacted sample are listed in Table 5.6, together with the 
values for the bulk cast sample. 
 
Table 5.6 Saturation magnetostriction constants measured in magnetic field parallel to the 
strain gauge (λ||) and perpendicular to the strain gauge (λ⊥), as well as the global 
magnetostriction constant (λ||  λ⊥) and the relative density for different 
Fe65.5Cr4Mo4Ga4P12C5B5.5 annealed glassy samples. 
 
Sample λ|| [ppm] λ⊥ [ppm] λ||λ⊥ [ppm] Relative density 
Cast disc 5.2 -4.8 10 100 % 
Compacted disc P1 17 -1 18 80.58 % 
Compacted disc P2 14 -4.7 18.7 79.40 % 
Compacted disc p3 16 -6 22 76.83 % 
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Fig. 5.9  Global magnetostriction constant λ λ||λ⊥ for Fe65.5Cr4Mo4Ga4P12C5B5.5 
annealed hot-pressed pellets. 
 
The samples P1 and P2 reveal nearly the same behavior (Fig. 5.9) and similar 
values of the global saturation magnetostriction constant, around 18 ppm. They have also 
similar relative density values (~ 80%). The sample P3 behaves a little bit different. The 
sample saturates at higher fields. Also, the magnetostriction increases up to 22 ppm. All 
values are much larger than the value measured in the case of the as-cast disc, because the 
compacted samples are not fully dense and the particles have irregular shapes. In this way, 
the sample deforms in a magnetic field much more than a homogeneous sample. As a 
general observation, in comparison with the bulk cast sample (Fig. 5.8) all compacted 
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samples need a larger external field for saturation and show a larger magnetostriction 
constant. 
 In comparison with other ferromagnetic materials, the studied samples show a 
relatively reduced magnetostriction, if the so-called “zero magnetostrictive amorphous 
alloys” are excepted. These alloys can be obtained in the amorphous state only as melt-
spun ribbons and have a very small magnetostriction constant, less than 10-7 ppm. Such 
alloys are usually Co-based, as Co68.25Fe4.5Si12.25B15 or Co72Fe3P16B6Al3 [Han80, Has84]. 
The FeNi crystalline alloy (Permalloy) can also have a magnetostriction constant less than 
10-7 ppm, depending upon composition [Han80, Bol90]. Recently, the magnetostriction of 
Fe77Al2.14Ga0.86P8.4C5B4Si2.6 glassy pellets obtained by hot compaction of milled powder 
[Deg04b] was measured using the same strain gauge method. The values of the global 
magnetostriction are around 45 ppm. However, the published magnetostriction studies deal 
only with amorphous ribbons and wires. The magnetostriction constants were measured for 
bulk amorphous samples only in few cases [Deg02, Deg04b]. The principal reason is the 
difficulty to prepare an amorphous bulk sample with suitable geometry. 
 
'LVFXVVLRQ
 The coercivity of annealed Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy samples is comparable 
to that of annealed zero-magnetostriction Co-base glassy ribbons [Has84]. This is in spite 
of the fact that the Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy alloy has a much larger saturation 
magnetostriction of approximately 10 ppm. The values of + ﬁ  depend mostly on surface and 
volume pinning of magnetic domain walls. It has been reported [Lub83] that due to surface 
irregularities + ﬁ  is proportional to the ratio of the surface roughness amplitude to the 
specimen thickness. This contribution to + ﬁ  should be rather low for cast samples because 
(i) the surface upon casting is very smooth and without scratches, even on the nanometer 
scale and (ii) the thickness is significantly larger than that of rapidly quenched ribbons. But 
in the case of the pressed samples with low relative density this contribution is still 
significant because of the large “inner” surface, i.e. the surface of the pores. The 
contribution to + ﬁ  due to volume pinning results from the presence of internal stress. The 
stress sources are supposed to have their origin in the partial instability of the free volume 
below the melting point [Bit03]. This contribution is proportional to the product of 
saturation magnetostriction and the amplitude of stress fluctuations [Mor01]. This + ﬁ  
contribution should be low in the case of annealed samples because the thermal annealing 
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may relief the internal stress. If the domain pinning is realized via some (nano)crystals, as 
it is observed in the case of the Fe65.5Cr4Mo4Ga4P12C5B5.5 rod with 3 mm diameter, the 
coercivity will not decrease upon annealing.  
 The Curie temperatures of the samples studied here are rather low. They depend on 
the degree of relaxation of the samples and on the composition. An interesting behavior is 
the variation of the Curie temperature with the Fe content (Fig. 5.3). When the Fe content 
increases and the Ga content decreases, keeping always the metalloid content constant, the 
Curie temperature decreases. When the Fe content increases by 6 at.% with a simultaneous 
decrease of the Cr, Mo and Ga content, but keeping the equiatomic ratio among these 
constituents constant, the Curie temperature increases by 80 K. 
 The average magnetic moment per iron atom, µ!, calculated by taking the 
saturation values corresponding to ribbons of different composition into account, remains 
almost constant with increasing iron content and decreasing gallium content: 0.60µB for 
Fe65.5Cr4Mo4Ga4P12C5B5.5, 0.58µB for Fe67.5Cr4Mo4Ga2P12C5B5.5 and 0.61µB for 
Fe69.5Cr4Mo4P12C5B5.5. Meanwhile, it increases to 0.96µB in the case of 
Fe71.5Cr2Mo2Ga2P12C5B5.5. These values are much lower than those reported for other 
metal-metalloid type Fe-based amorphous alloys, like Fe80B12Si8, Fe75B19P6 or FeCoSiB 
zero-magnetostriction alloys [Fer94]. According to the nearest-neighbor coordination 
model [Hei28], the atomic magnetic moment is assumed to depend on the number of Fe 
atoms in the nearest-neighbor shell. Therefore, the low value of µ! can be attributed to a 
low number of the nearest-neighbor Fe atoms. Therefore, the exchange interaction is weak. 
This explains the rather low values of the Curie temperature. 
 The magnetostriction constant is positive, as it is common for amorphous Fe-based 
alloys [Han80]. The values for the as-cast samples are rather low, lower than in the case of 
other Fe-based amorphous alloys [Han80, Bol90], but higher than for those zero-
magnetostriction Fe-Co alloys [Han80, Bol90]. No decrease of the magnetostriction 
constant can be achieved by annealing; the only possibility to do this is to tune the 
composition. The values for hot pressed pellets are higher than those for cast discs because 
of the rather low relative densities achieved by the samples upon compaction. The presence 
of pores in the samples (see also Fig. 3.18-3.19) gives them the possibility to deform not 
uniformly in an external magnetic field. It also increases the relative elasticity of the 
samples. 
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 New classes of multi-component alloys, able to retain the amorphous structure 
upon cooling from the melt, were discovered in the last 15 years. The relatively low 
cooling rates required for amorphization (critical cooling rate) of 0.1…103 K/s [Ino00a] 
make it possible to prepare such amorphous alloys in various shapes, with a thickness in 
the mm or even cm range. Upon heating at a constant rate, such amorphous alloys show an 
endothermic heat flow associated with the glass transition, followed by a distinct 
supercooled liquid region and at least one exothermic reaction due to crystallization. The 
amorphous alloys, which show a glass transition and have large geometrical dimensions, 
are named bulk metallic glasses (BMGs). 
 The ferromagnetic BMGs started to be investigated only in the last 10 years. They 
are relatively difficult to cast, because the critical cooling rate of 102…103 K/s, i.e. higher 
than the value of about 1-10 K/s characteristic for alloys with very good glass-forming 
ability [Ino00a], limit the maximum achievable diameter to a few millimeters. The other 
hindrance that can influence bulk glass formation is the presence of impurities in the melt, 
or of crystalline inclusions that can form upon solidification of the melt. On the other hand, 
bulk amorphous samples with various sizes and shapes can be prepared by mechanical 
alloying or ball milling combined with a subsequent consolidation of the resulting powders 
in the viscous state at temperatures in the supercooled liquid region. 
 Amorphous multi-component Fe77.5-x-y-zCrxMoyGazP12C5B5.5 alloys were obtained 
in bulk form either directly by using copper mold casting or by hot pressing of ball-milled 
amorphous powder. Their thermal stability is very good, with a supercooled liquid region 
of around 55-60 K and a reduced glass transition temperature 7     = 7 7     of around 0.6. 
This is caused by the large number of components, the difference in their atomic radius, as 
well as the near zero heat of mixing of the metallic elements and the large negative heat of 
mixing between metals and metalloids. Among the studied compositions, Ga seems to have 
an important role in the glass-forming ability. The alloy with the nominal composition 
Fe65.5Cr4Mo4Ga4P12C5B5.5 was found to be the best glass-former. The composition without 
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Ga did not allow a casting of bulk samples, but its presence up to 4 at % (5.56 wt %) made 
it possible to cast amorphous rods with up to 3 mm in diameter. Cr and Mo in addition also 
help the glass formation and they have a positive influence concerning the corrosion 
resistance of the bulk amorphous samples [Cha04, Gai04]. 
 The structure of the samples was studied by means of X-ray diffraction in reflexion 
configuration using CoKα radiation, as well as in transmission configuration using a high 
intensity high-energy synchrotron beam (performed at the ID11 beam line of the European 
Synchrotron Radiation Facility ESRF Grenoble, France). The devitrification behavior and 
the structural evolution during heating of as-cast rods were investigated by time-resolved 
in-situ XRD using the synchrotron beam. Additional studies of the microstructure (for as-
cast and annealed samples), using electron microscopy, were performed. 
The mechanical properties of the Fe65.5Cr4Mo4Ga4P12C5B5.5 and 
Fe67.5Cr4Mo4Ga2P12C5B5.5 BMGs were studied by means of compression tests and hardness 
tests. The compressive behavior of all samples is rather similar. First, up to certain values 
of the applied stress they exhibit a purely elastic deformation up to the yield stress σ  (and 
the yield strain ε ). The samples remain macroscopically intact up to a high level of applied 
stress. Before fracture, the as-cast fully amorphous samples exhibit a small plastic 
deformation. The values of the fracture stress are much higher than the known values for 
non-ferrous glassy alloys. The plastic deformation is around 0.2 %. This plastic behavior 
should be also noted, because usually the crystalline soft magnetic materials used for 
magnetic devices are completely brittle [Bol90]. The brittleness of these glassy samples 
increases, i.e. the extension of the plastic regime decreases, upon annealing and when there 
are crystalline inclusions present in the amorphous matrix. 
The fracture surface of the investigated samples appears to consist of a high 
number of small fracture zones, which leads to breaking of the samples into many small 
parts. The fracture surface is without shear plane and vein pattern because such a cleavage-
like fracture usually does not go along a shear plane but frequently forms a rugged fracture 
surface or breaks into pieces [He02]. For these Fe-based glasses, the fracture stress of 
around 3 GPa is very high, indicating that the critical shear fracture stress must be high 
enough in comparison with the bonding force among the constituent elements in the 
present glass. 
 Because of the absence of crystalline anisotropy, the Fe77.5-x-y-zCrxMoyGazP12C5B5.5 
BMGs exhibit good soft magnetic properties, characterized by a low coercivity (less than 
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10 A/m for as-cast amorphous samples) and a high permeability. Nevertheless, residual 
anisotropies may be present, such as shape anisotropy or stress-induced anisotropy, caused 
by internal mechanical stress induced during the preparation procedure. The stress sources 
are supposed to have their origin in the partial instability of the free volume below the 
melting point [Bit03]. The unwanted anisotropies can be reduced by annealing the samples. 
The coercivity of annealed Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy samples decreases below 
1 A/m and it is comparable to that of annealed zero-magnetostriction Co-base glassy 
ribbons [Has84]. This is in spite of the fact that the studied glassy alloy has a much larger 
saturation magnetostriction of approximately 10 ppm. 
Because the glass transition temperature 7  exceeds 723 K (450 °C), these 
ferromagnetic glasses are sufficiently stable for applications that require a continuous 
operation at high temperatures. The initial permeability 8100lim
0
0
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→ +
%


µ
µ . The 
saturation polarization is around 0.8 T, which increases up to 1 T when the temperature 
decreases below 100 K. The experimental behavior of saturation magnetization at low 
temperature cannot only be described by the first two terms of the series 
( )...1)0()( 2/52/3 −⋅−⋅−⋅= 7&7%070  as in the case of ferromagnetic crystalline 
materials. In our case, the fitting must take in account also the term in 7 
	  . This behavior 
indicates that the exchange interactions take place at a large distance, i.e. the Fe-Fe 
interactions take place at a larger distance than in the crystalline ferromagnetic materials. It 
explains also the rather low values of the Curie temperature (around 450 K, in comparison 
to 1044 K for EFF α-Fe) and the rather low average magnetic moment per Fe atom 
(calculated with the fitting at 0 K) of 0.73µB, in comparison to 2.2µB for bulk crystalline 
Fe. 
If only the castability and the mechanical properties are considered, Ponnambalam 
and Lu [Pon04, Lu04] cast Fe-based BMGs with higher diameter and supporting a higher 
compressive stress than those achieved by Fe65.5Cr4Mo4Ga4P12C5B5.5 glassy samples 
studied here, but their BMGs are brittle and paramagnetic at room temperature. If only the 
magnetic properties are considered, BMGs with a saturation polarization of 1.5 T and a 
coercivity of 2 A/m can be obtained in the Fe-B-Si-Zr system [Ino02b], but the maximum 
achievable diameter is limited to 0.75 mm and those glasses are very brittle. As was 
demonstrated in the present work, the Fe65.5Cr4Mo4Ga4P12C5B5.5 BMGs show the best 
compromise between castability, thermal stability, mechanical behavior and magnetic 
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properties. Parallel studies [Cha04, Gai04] conducted in the Electrochemical Properties of 
Functional Materials Group of the IFW Dresden, concluded that the 
Fe65.5Cr4Mo4Ga4P12C5B5.5 BMGs exhibit also a high corrosion resistance, for example 
much higher than a ferritic stainless steel. 
It could be shown that bulk amorphous Fe77.5-x-y-zCrxMoyGazP12C5B5.5 soft magnetic 
alloys may be successfully prepared using different preparation routes. The combination of 
a high thermal stability against crystallization with a low coercivity and a high saturation 
polarization, as well as with a high mechanical strength and a large resistance to corrosion, 
make these materials good candidates for applications as soft magnetic components in
devices like magnetic sensors, magnetic valves or magnetic clutches subjected to an 
aggressive environment. 
An optimisation of the mechanical properties should be considered for further 
work. Increased ductility could be obtained, for example, upon precipitation of finely 
mixed α-Fe + Fe3C + graphite particles in an amorphous matrix [Ino00b]. For that, the 
annealing treatment should be very carefully checked. Also, a slight modification in 
nominal composition, especially reducing the metalloids content, could be helpful. The 
changes in microstructure may affect the magnetic behavior as well. At least, the 
coercivity, the Curie temperature and the saturation magnetization should be permanently 
checked and the data correlated with the structural evolution. 
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